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I. INTRODUCTION

Although the majority of large seismic events can be identified as earth-
quakes or explosions on the basis of teleseismic measurements, regional sig-
nal properties are expected to play an important part in identifying smaller
events. Since the early days of interest in seismic discrimination, numerous
methods have been proposed for using regional signal measurements to
achieve identification (cf. Blandford, 1981; Pomeroy et al. , 1982). However,
the discovery of suitable regional discriminant measures has proven to be
elusive. Determination of reliable regional discrimination techniques requires
testing of signal measurements on we!!-controlleo samples of explosions and
nearby earthquakes so as to minimize differences which are not related to the
source type. Ideally, the methods should be tested in the areas where they
are intended to be used. If regional discriminants cannot be suitably tested in
such areas, methods must be developed to extrapolate the experience from
other areas. The latter requires development of understanding of why a
regional discriminant works including knowledge of the signal behavior to per-
mit separation of source and propagation effects. The research described here
was designed to improve regional discrimination capability by analyzing the
regional seismic signal characteristics from a variety of sources observed in
different tectonic environments.

The investigations conducted under this contract have focused on ana-
lyses of the higher-frequency phases observed at regional distances from three
different types of sources: (1) underground nuclear explosions, (2) earth-
quakes, and (3) mine or quarry blasts. In our analyses we systematically com-
pared the time-domain amplitude and spectral characteristics of the observed
regional seismic signals while seeking to identify diagnostic differences which
would be indicative of the source. Tectonic environments which were investi-
gated in this study included (1) eastern North America, (2) the southern Soviet
Union and (3) the western United States. Each of these environments pro-
vides a unique contribution to the regional discrimination problem. Stable con-
tinental areas of central and eastern North America are thought to be analo-
gous in many ways to platform regions of the Soviet Union with regard to
regional seismic wave generation and transmission. Past studies of regional



phases from Soviet underground nuclear explosions were frequently forced to
rely on measurements at far-regional stations where the signals were
extremely weak (cf. Nuttli, 1981; 1986). Recent installation of new stations
have made available regional data from the southern Soviet Union enabling
relevant testing of regional discrimination methods for this area where the
capability is most needed. Finally, the western U.S. sample of underground
nuclear explosions and nearby earthquakes provides the controlled source
sample which permits closer analyses of hcw regional signal generation is
influenced by various source factors.

The analyses were performed on the high-quality digital seismic data
which were available from each of these tectonic environments. For eastern
North America we used data from the Regional Seismic Test Network (RSTN)
and the Eastern Canada Telemetered Network (ECTN). For the southern
Soviet Union the data sources were the Chinese Digital Seismic Network
(CDSN) and the Soviet/Natural Resources Defense Council (NRDC) seismic
network surrounding the East Kazakh test site. For the western U.S. we relied
on data from the Lawrence Livermore National Laboratory Network (LLNL) and
some RSTN stations. Although the useful frequency range of these different
seismic systems varies, in general the data permit analysis of higher frequency
signals than those used in most previous investigations of regional discrimina-
tion. Furthermore, because of the potential interest in extending discrimination
capability to lower thresholds, added focus in these investigations was given to
consideration of commercial blasts which appear to be frequent contributors to
the regional event samples in areas of interest for nuclear monitoring.

For eastern North America we compared the characteristics of the regional
signals from mine blasts and earthquakes recorded by the RSTN and ECTN
systems. The RSTN analysis included data from 22 presumed mine blasts, 14
earthquakes and a mine collapse recorded at station RSCP. The records
showed good P and Lg phases. The Ig/Pmax amplitude ratios were generally
larger for the earthquakes than the blasts, but observations showed consider-
able scatter and intermingling which made the distinction unreliable. Many
blasts and the mine collapse produced strong, short-period Rayleigh waves,
Rg, but this was not the case for all blasts. Lg and Pg spectra indicated more
rapid spectral decay above the corner frequency for blasts than for earth-
quakes.
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The North America database at ECTN consisted of 36 events with magni-
tudes between 1.0 and 5.1 including seven presumed quarry blasts. These
were recorded at multiple stations in the network to a fairly high digitizing rate
(viz 60 samples per second). Our analyses of these data focused on an
attempt to identify potential evidence of multiplicity in the source which is
expected from the delay shooting typical of commercial blasting practice.
Using the multiple station data, cepstral analyses were performed on the P-
wave spectra from selected events. These analyses revealed evidence of
deterministic modulation in the spectra from both quarry blasts and earth-
quakes with fairly large quefrencies. It is suspected that this observation may
correspond to a propagation effect rather than a source effect.

For the southern Soviet Union we analyzed observed regional phases
from East Kazakh explosions and comparable earthquakes recorded at the
CDSN station WMQ and from presumed mine blasts recorded at the
Soviet/NRDC network stations. The WMQ database included 12 East Kazakh
explosions and 20 earthquakes with magnitudes from 4.5 to 6.1 mb. Because
of the lack of natural seismicity near East Kazakh, the comparable earthquakes
were selected from throughout the region surrounding WMQ. The records
showed strong P and Lg phases from both earthquakes and explosions.
Broadband Lg/P amplitude ratios tended to be larger for earthquakes than for

explosions, and the differences were concentrated at high frequencies. This
result suggests a promising discriminant, but it must be strongly noted that the
effects of attenuation differences in the crustal paths for the explosions and
earthquakes have not been completely taken into account.

The analysis of the Soviet/NRDC network data focused on the characteris-
tics of the regional phases from a large number of presumed mine blasts in the
East Kazakh region which were recorded during the operation of the network.
These events produced strong Pg and Lg signals to ranges of at least 400 km.
Rg was also strong for many but not all events, and some evidence was found

of spectral scalloping which might have been associated with shot delays in the
presumed blasts.

For the western U.S. we used the LLNL database to continue our analysis
(cf. Bennett _et al. , 1987a,b) of the Lg and Pg spectral characteristics of 10
NTS explosions and eight nearby earthquakes. The observations were
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generally in agreement with previous findings (cf. Murphy and Bennett, 1982;
Bennett and Murphy, 1986) that the earthquake Lg signals appear to be rela-
tively richer in high frequencies than comparable explosions. We also found
evidence that burial of the explosion below the water table at Yucca Flat may
enhance high frequencies in the regional phase signals, but this effect may not
be adequate to compromise the discriminant.

For the western U.S. we also compared amplitude and spectral charac-

teristics of the regional signals recorded at RSTN station RSSD from several
larger NTS explosions and comparable earthquakes in California. The
observed Lg spectra seemed to be somewhat more sharply peaked for the
explosions than the earthquakes. Bandpass filter analyses of the signals
revealed some interesting dependencies of the L.-to-P amplitude ratio on fre-
quency; but significant source and path differences exist between the events
compared, and the dependence on these factors needs further study.

This report is divided into five sections including this introduction. Section

II describes the analysis of eastern North American quarry blasts and earth-
quakes using the RSTN and ECTN data. Section III presents the observations
for the southern Soviet Union using the CDSN and Soviet/NRDC network data.
Section IV describes the analysis of the LLNL and RSTN data from western
U.S. nuclear explosions and earthquakes. Finally, in Section V we summarize
the main conclusions from these studies and offer recommendations for further
investigations of regional discrimination techniques.
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II. EASTERN NORTH AMERICAN QUARRY BLASTS
AND EARTHQUAKES

2.1 Eastern North America Data Sources

The stable continental areas of the central and eastern U.S. are thought to
be analogous in many ways to the platform regions of the Soviet Union with
regard to crustal properties and seismic wave transmission. Based on this
analogy considerable research efforts (cf. Blandford, 1981; Pomeroy, 1977,
1979; Pomeroy et al. , 1982; Gupta et al. , 1984) over more than a decade
have focused on understanding the propagation of regional phases in the
eastern U.S. with the idea that this experience could be extended to the Soviet
Union when regional seismic monitoring stations become available there. A
particular problem in such monitoring environments is likely to be the
identification of the frequent small explosions used in commercial development
such as quarrying, mining and construction activities. The seismic discrimina-
tion problem could be greatly facilitated if simple procedures could be deter-
mined to distinguish these commercial blasts from small underground nuclear
explosions. With this in mind a part of the current research effort was devoted
to investigation of the regional phase seismic signals from small commercial
blasts and nearby earthquakes in eastern North America. In these investiga-
tions we utilized data from two sources: the Regional Seismic Test Network
(RSTN), in particular station RSCP, and the Eastern Canada Telemetered Net-
work (ECTN). Each of these sources provided good quality digital seismic data
with relatively high sampling rates permitting extraction and analysis of high
frequency characteristics of the regional signals.

2.2 Analysis of RSTN Data

The Regional Seismic Test Network was established in the early 1980's as
a prototype of a high quality network of digital seismic stations providing real-
time regional monitoring capability for North America. The network consisted
of five stations located in New York (RSNY), Tennessee (RSCP), South
Dakota (RSSD), Ontario, Canada (RSON) and Northwest Territories, Canada
(RSNT) with digital data transmitted by satellite link to a central processing
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facility.

It is well known from historical seismic monitoring in the eastern U.S. that
the region frequently experiences small mine and quarry blasts which are
detected on seismographs out to large regional distances. So it was not unex-
pected that the RSTN network stations would record numerous commercial
blasts as well as regional earthquake activity; and a review of the recorded
data revealed this to be true. In assembling a database of commercial blasts
and regional earthquakes recorded at RSTN stations, we initially reviewea pub-
lished reports and earthquake catalogs and bulletins appropriate to the regions
surrounding the RSTN stations. Goncz et al. (1987) analyzed regional Lg, Pn
and Sn attenuation using recordings at the RSTN stations from earthquakes
located throughout much of eastern North America during 1983 and 1984. The
report provides a fairly extensive catalog of the larger eastern U.S. earth-
quakes during that time interval which were well recorded at the RSTN sta-
tions. To supplement that data set, we reviewed the NEIS catalogs, as well as
regional catalogs published by St. Louis University, the Tennessee Earthquake
Information Center (now Center for Earthquake Research Information), the Vir-
ginia Polytechnic Institute and State University and Boston College. Because
of the extensive local seismic networks, the coverage is thought to be nearly
complete for much of the eastern U.S. down to fairly low magnitudes (= 2 ML).
However, for most of these bulletins an attempt has been made to exclude
known or suspected quarry and mine blasts from the reported events. As a
result only a few such explosions have been identified in the regional bulletins.
Gupta el al. , (1984) identified six quarry blasts recorded at RSTN stations (5
at RSCP and 1 at RSNY) from a list of 20 such events provided by local
university or state network operators. Smith (1987) looked for evidence of rip-
ple firing in several northern Minnesota quarry blasts, but his primary data
source was a temporary station near RSON although signals from some of
these blasts were also recorded at RSON and RSSD. Personal communica-
tions with several operators of local seismic networks in the eastern U.S. sug-
gested that formal catalogs of quarry and mine blasts detected by the networks
do not exist. Most of the operators indicated that suspect events with strong
short-period Rayleigh waves or with signals and locations close to those of
known quarries in the region were eliminated from the earthquake catalogs on
an ad hoc basis.
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In the current investigation it was decided to focus on regional seismic sig-
nals recorded at station RSCP because it is well known from historical monitor-
ing that the station records frequent mine blasts from the surrounding region
which could be compared to similarly recorded earthquakes. Starting with the
five blasts identified by Gupta 9t al. (1984), we found two additional presumed
blasts identified in the Southeastern U.S. Seismic Network Bulletins. A few
other presumed quarry blasts identified in the catalogs were not recorded at
RSCP. To supplement the quarry blast database for RSCP, the detections
recorded during a single day (viz June 19, 1985) were analyzed. Of the total
detections on that date, about 40 events appear to have waveforms which look
like real seismic signals (i.e., not typical ground or cultural noise). Sixteen of
those 40 events which had the strongest signals were selected for further
analysis. Only one of the 16 events selected was reported in the regional
earthquake catalogs, and that was an apparent mine collapse in southwestern
Virginia. None of the other 15 events were reported as earthquakes, and we
therefore assume that they were mine or quarry blasts. The identification of
these events as blasts appears to be corroborated by the observations of
strong, short-period Rg phases in most cases suggesting a shallow focus and
by the repetitive character of the waveforms for several of the events. The
relative times of the P and Lg phases were used to estimate the epicentral dis-
tances and three-component analyses were performed on clear P-wave first
motions to determine event azimuths. This location procedure was tested on
the signals from the mine collapse, for which the location was known, and was
found to give a nearly comparable result. So, although the locations deter-
mined by this single station procedure for these events would not be expected
to have the precision of network locations, we believe them to be reasonable.

Table 1 provides the event locations and magnitudes (estimated from the
Lg amplitudes) for 22 presumed mine blasts recorded at RSCP including the 15
newly identified events described in the preceding paragraph. The blasts had
magnitudes from 2.2 to 3.5 mb(Lg) and epicentral distances in the range from
210 km to 369 km. Table 2 provides the locations and magnitudes of the 15
earthquakes and the mine collapse included in the database. The magnitudes
were in the range 2.2 to 4.1 mb(Lg); and the epicentral distances were between
147 km and 490 km, except for one more distant earthquake at 942 km. The
locations of all the events in the database relative to RSCP are shown in Fig-
ure 1. The events cover a wide range of azimuths surrounding RSCP; and, as

7



Table 1

Presumed Mine Blasts Recorded at RSCP

Date Origin Time Lat.(°N) Lon.(°W) A(km) Mb(L )t h(km)

01-29-83 16:05:31.7 34.70 88.37 274 2.9 0

02-05-83 13:08:19.5 34.70 88.37 274 3.5 0

02-22-83 13:09:18.2 38.05 82.77 369 3.0 0
06-09-83 21:07:43.7 37.42 83.12 298 2.9 0

06-21-83 21:13:20.4 37.42 83.12 298 3.0 0

06-23-83 21:06:09.3 37.41 83.11 298 3.2 0

06-19-85 00:06:22* 37.0* 87.3* 220 3.1 0
06-19-85 01:37:58' - - 210 3.0 0

06-19-85 14:57:04' 37.3* 82.7* 310 2.5 0
06-19-85 15:59:58' 37.0* 87.3* 220 3.0 0
06-19-85 17:14:21' 33.2* 86.7* 280 3.3 0

06-19-85 18t20:29' 33.2* 86.7* 280 3.7 0

06-19-85 19:02:21' 37.3* 82.7* 310 2.9 0

06-19-85 19:22:26* - - 220 2.8 0

06-19-85 20:25:32' 33.2* 86.7* 280 3.2 0

06-19-85 20:55:34' 37.3* 82.7* 310 2.9 0

06-19-85 21:26:47' - - 210 3.1 0

06-19-85 22:10:26' 37.0* 87.3' 220 2.2 0

06-19-85 23:01:07' 37.0* 87.3* 220 2.4 0
06-19-85 23:11:22' 33.2* 86.7* 280 2.9 0

06-19-85 23:35:18' - - 200 2.6 0
11-07-85 08:17:13.0 33.77 84.07 245 2.3 1.1

' Approximate origin times and locations estimated from relative
times of P and Ly phases and three-component analysis of clear
P-wave first motion.

t Magnitudes estimated from L0 amplitudes observed at RSCP using
the magnitude formula for tNe Central U.S. - nb(Lg) - 1.91 +
0.9 log A(km) + log A (pm).
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Table 2

Regional Earthquakes and Mine Collapse Recorded at RSCP

Earthquakes

rate Origin Time Lat. (N) Lon. (W) A(km) mb(L )  h(km)

01-26-83 14:07;44.7 32.85 83.56 356 3.5 0
01-27-83 22:09:35.1 36.06 83.63 182 2.6* 12.8
03-25-83 02:47:11.1 35.33 82.46 283 3.2* 11.5

08-28-83 22:45:07.4 36.68 83.82 198 3.1* 18.1
02-14-84 22:56:20.4 37.21 89.00 356 3.6 2.0
04-17-84 04:44:44.9 38.41 88.48 405 3.2 14.3
04-23-84 01:36:00.1 39.92 76.36 942 4.1* 5.0
06-26-84 15:15:19.9 36.10 89.39 349 3.2 11.8
06-29-84 07:58:29.3 37.70 88.47 348 3.8 1.6
06-10-85 12:22:38.3 37.25 80.49 4?1 2.9t 11.
08-15-85 17:31:52.9 35.67 83.95 147 2.6t 13.8
12-22-85 00:56:05.0 35.70 83.72 170 3.6t  13.4
04-27-86 22:30:26.4 35.92 83.73 170 2.2t  19.7
06-24-86 19:22:42.0 35.99 83.93 154 3.3t  24.3

Mine Collapse

Date Origin Time Lat.(ON) Lon.(*W) A(km) mb(L ) h(km)

06-19-85 22:28:08.9 37.22 82.04 360 3.5 0

* Magnitudes reported by Goncz et al., 1987.

t Magnitudes estimated from L0 amplitudes observed at RSCP using
the magnitude formula for the Central U.S. - ub(Lg) - 1.91 +
0.9 log A(km) + log A (pm).
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a result, there are some variations in propagation path. In general, events to
the north and east were located in the Appalachian mountain chain while those
to the west and south were located in stable continental platform areas as is
the station.

Figure 2 shows typical vertical-component recordings of the seismic sig-
nals at RSCP from several source types at different ranges and azimuths. In
all cases the records include clear P and Lg phases. These phases are typi-
cally quite complex in character apparently because of structure in the crust
and upper mantle which controls propagation of these phases. The top three
records illustrate the strong short-period dispersed Rayleigh-wave (Rg) signals
which are usually recorded from the mine and quarry blasts in the region. The
observed Rg phase frequently has a predominant frequency near 1 Hz. Similar
Rg signals have been reported for mine and quarry blasts throughout eastern
North America (e.g., McEvilly, 1964; Herrmann, 1969; Kafka, 1988) and are
believed to be associated with seismic excitation of shallow sedimentary layers
in the crust- by the near surface blast sources (cf. McEvilly, 1964; Kafka, 1987).
The bottom four records in Figure 2 show the signals at RSCP from two addi-
tional mine blasts, an earthquake, and a mine collapse. In these records the
Rg signals from the blasts are not nearly as obvious as for the top three exam-
ples. If the Rg signals are present, they are apparently buried in the coda of
the Lg phase. There is little evidence of Rg in the earthquake, but the mine
collapse produced a strong Rg.

First, considering the P and Lg phases, we compared the maximum P and
Lg signal amplitudes for evidence of any source-dependent differences. The
maximum amplitudes before and after the Sn arrival time (excluding the Rg sig-
nal), were measured from the broadband records for this purpose. In all cases
the post-Sn maximum corresponded to Lg while the pre-S n maximum some-
times corresponded to Pg but also was frequently the initial P(Pn) particularly
for more distant events. For all 37 events in the RSCP database, the max-
imum P amplitude was smaller than the maximum S (viz Lg) amplitude; this
was true for the presumed blasts as well as the earthquakes and mine col-
lapse. Figure 3 shows the amplitude ratio (Lg maximum/ P maximum) for all
the events. The data overlap in magnitude (top) and epicentral distance range
(bottom); and there appears to be little evidence of dependence of the ampli-
tude ratio on either magnitude or distance. The results indicate that on

11
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average the earthquakes tend to have larger S(max)/ P(max) ratios than tile
explosions in the sample, but there is considerable intermingling. So. simple
peak-amplitude comparisons of the broadband P and Lg signals would not
appear to provide reliable discrimination of the blast and earthquake sources.

In Figure 2 above we also found that the relative excitation of the Rg sig-
nal may not always provide a clear distinction between blasts and earthquakes.
In an cffort to enhance such differences, we band-pass filtered the records
from several blasts, earthquakes and the mine collapse. These results are
shown in Figure 4 where two alternate band-pass filters were applied to the
vertical-component signals. The filter passbands were 0.5 to 1.5 Hz and 2.0 to
4.0 Hz; the unfiltered traces are also shown with each set for reference. For
the first three blasts (cf. Figure 4, top), the 0.5 to 1.5 Hz filter sharply enhances
the Rg signal relative to the P and Lg phases, which are concentrated in the
higher frequency band. The 0.5 to 1.5 Hz filter in Figure 4, bottom, also
enhances the Rg phase for the nearer blast and for the collapse, but the Rg
phase does not stand-out in the filtered trace for the more distant blast. To
some extent this is caused by relatively high ground noise in the filter
passband for the latter event, but low excitation of the Rg phase may also be
associated with some unusual blasting practice or depth for this event. We
have no specific information on any of the blasts which have been analyzed,
but normal shooting practice involves spatially-distributed and time-delayed
charges which should enhance or nullify specific frequencies of the ground
motion (cf. Willis, 1963; Frantti, 1963; Baumgardt and Ziegler, 1988). Finally,
application of the filters to the earthquake record produces little evidence of
any R9 signal. A slight trace of R9 appears in the second earthquake which
was the shallowest of the three events with a focal depth of 2 km. In all cases
the low-frequency R9 signal in the earthquakes is smaller relative to the
higher-frequency P and Lg signals than in the explosions.

Spectral analyses were performed on the P and Lg signals from selected
eastern U.S. earthquakes and quarry blasts to identify characteristics which
could be distinctive. From the available data sample in Tables 1 and 2 above,
we selected eight events which had relatively large signal-to-noise levels. An
effort was made to pick events which correspond to different source types at
somewhat comparable epicentral distance ranges. Figure 5 shows the
vertical-component records for four events with ranges between about 170 km

14
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and 220 km from RSCP. The top two events are from the regional earthquake
list (Table 2, above) and the bottom two are from the presumed regional blast
list (Table 1, above). The events have roughly comparable magnitudes in the
range 3.0 to 3.5 mb(Lg) with the earthquakes in the upper part and the blasts in
the lower part of that range. We computed the spectra for windows surround-
ing the rather clear Pg and Lg signals whose starts are indicated by the arrows
in Figure 5. The Pg windows were taken to be 256 points (6.4 seconds) in

length and the Lg windows were taken to be 512 points (12.8 seconds). Noise
windows including 128 points (3.2 seconds) were also analyzed at the start of
each record. The spectra were all corrected for the RSCP instrument
response.

Figures 6 and 7 show the corrected Lg and Pg spectra for the four events;

the corresponding pre-P noise spectra are superimposed on ihe plots. In gen-
eral, the ground noise is well below the signals for frequencies above about 1
Hz. Unfortunately, however, the dynamic range of the recording system at

RSCP is low; so the signal spectra are not good above about 10 Hz even
though the Nyquist frequency is at 20 Hz. This dynamic range problem is
somewhat apparent in the lowver left Lg spectrum of Figure 6 which starts to
fiatten at 7 Hz well above the ground noise level. In any case, the useful fre-
quency band for spectral analysis at RSCP is extremely limited. Out to 10 Hz
we see little evidence in the blast signals of spectral scalloping which has been
found for time-delayed shots in some areas (cf. Smith and Grose, 1987;
Baumgardt and Ziegler, 1988); it seems likely that the limited frequency band
may impede such observations at RSCP. The spectra do appear to show
other differences between earthquakes and explosions. The Lg spectra in Fig-

ure 6 have apparent corner frequencies near 3 Hz. Above the corner the
spectra for the blast signals appear to fall-off much more rapidly than the earth-
quake signals. For the Pg signals the corner frequencies are somewhat more
difficult to identify, but again the spectral fall-off above 3 Hz is greater for the
blasts than for the earthquakes. The observed behavior in the Lg spectra are

analogous to the behavior seen by Murphy and Bennett (1982) and Bennett

and Murphy (1986) in Lg signals from NTS explosions and nearby earthquakes

although the mechanism responsible for this observation could be consIderably
different.
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Figure 8 shows the vertical-component time histories for four additional
events with ranges between about 270 km and 300 km from RSCP; the magni-
tudes are between 3.2 and 3.7 mb(Lg). The top event is from the earthquake
list, and the bottom three events are from the blast list. Lg, Pg and noise spec-
tra were computed for window lengths of 12.8 seconds, 6.4 seconds and 3.2
seconds, respectively; and the results, after correcting for instrument response,
are plotted in Figures 9 and 10. The Lg spectra again show an apparent
corner frequency near 3 Hz. Above this corner the L9 spectra for the bottom
two events plotted in Figure 9 are observed to fall-off with frequency much
more rapidly than for the top two events. A similar behavior is observed for the
Pg spectra in Figure 10 although the corner frequencies are not so easily
identified. A confusing aspect of these figures is that the top right spectrum in
each of these figures corresponds to an event (Date 02/05/83) which had origi-
nally been identified as a blast in our tables, but the spectral behavior seems
to be more comparable to the earthquake signal than to the blast signals.
Reinvestigation of this event reveals that its identification as a blast in Table 1
was based on its assignment to a "blast" database by the Southeastern U.S.
Seismic Network Bulletin. However, further investigation has revealed that, in
addition to presumed mine blasts, this database in~ruded other unknown
events from outside the geographical domain for which the Southeastern Net-
work claims coverage. In fact, this event is identified in the St. Louis University
Central Mississippi Valley Earthquake Bulletin as an earthquake with a felt
report from Mississippi; and field studies by the Tennessee Earthquake Infor-
mation Center (TEIC Quarterly Seismological Bulletin, January-March, 1983)
confirm the earthquake identification. Concluding that this event was an earth-
quake, the Lg and Pg spectra in Figures 9 and 10 are again consistent with the
previous observation that the earthquake spectra are relatively richer in higher
frequencies than the corresponding blast spectra.

The spectral differences in regional phase signals between earthquakes
and blasts is interesting but needs additional corroboration. It should be noted
that the observations presented here correspond to a small number of events
and that the propagation paths between comparable events do not coincide.
As a result, path differences like attenuation or structural boundaries, which
could affect the regional phase spectra, have not been taken into account.
Other factors like changes in shooting practice between quarries or mines
could also affect the Pg and Lg spectra. Considering the large number of
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quarry blasts recorded on an almost daily basis by RSCP (and some of the
other RSTN stations), the regional signals recorded by these stations appear to
provide a good data source for investigating the distinctive characteristics of
regional phases from quarry blasts in continental platform environments com-
parable to the Soviet Union.

2.3 Analysis of ECTN Data

The Eastern Canadian Telemetered Network (ECTN) is a relatively-

broadband, high-frequency dense network of high-quality stations located in a
high-Q region. The network routinely records earthquakes and quarry blasts in
the region up to a Nyquist frequency of 30 Hz. Typical events in the magni-
tude range of 2 to 3 may be recorded at several stations at distances less than
300 km. Therefore, this network provides a good research database to
develop and test regional seismic monitoring procedures.

We have converted data for 36 events from ECTN data files to CSS for-
mat. The data were kindly provided by the University of Toronto. The 36
recovered events have magnitudes ranging from 0.1 to 5.1 and include 6 or 7
quarry blasts. There are on average about 10 stations recording each event.

Table 3 lists origin data provided by the University of Toronto. Events 20,

23, 34, 35, 36, and 37 were identified as probable quarry blasts. We suspect
that event 7 may also be a blast based on the assigned depth of 1 km. Only 8
of the 37 origins have unconstrained depths. The rest of the depths have been
assigned by a "Geophysicist". The magnitudes are a mix of "MB", "ML", and
"MN". "MB" is the teleseismic mb magnitude, "MN" is an Lg magnitude, while
"ML" is a local Richter magnitude. Eleven of the events have been studied by
Chun et al. (1987) with the two station Lg method and Chun t al. (1989) give
additional Lg magnitude calibration information for 12 of the events.

The ECTN instruments are relatively broadband instruments recording at

60 samples per second, except GAC which is recording at 30 samples per
second. Instrument responses are shown in Figure 11 for the ECTN Mark-I,
Mark-Il stations (vertical only) and the GAC installation (three components).
The station locations are provided in Table 4.
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Table 3

Origins for Available ECTN Data

DATE O.T. N-LAT. E-LONG. H(KM) MAG #

Oct 04 1983 17:18:40. 43.45 -79.8 2G 3.1MN 1
Oct 07 1983 10:18:46. 43.94 -74.26 13G 5.1MB 2
Oct 07 1983 10:39:39. 43.95 -74.26 8G 3.5MB 3
Oct 11 1983 04:10:55. 45.20 -75.75 14G 4.1MB 4
Oct 16 1983 03:00:47. 45.62 -75.05 12. 3.1MB 5
Oct 16 1983 03:00:47. 45.62 -75.05 12. 3.1MB 6
Oct 24 1983 01:00:06. 48.14 -77.97 1G 3.1MB 7
Oct 03 1983 12:14:15. 44.14 -74.34 18G 2.8MB 8
Nov 01 1983 10:16:52. 45.67 -73.90 18G 3.4MB 9
Nov 16 1983 12:13:56. 47.00 -66.60 5G 3.2MB 1
Nov 17 1983 15:32:18. 47.00 -66.60 5G 3.7MB 11
Nov 18 1983 10:28:40. 47.00 -66.60 5G 3.0MB 12
Nov 27 1983 09:49:24. 46.80 -78.77 18G 2.8MB 13
Dec 04 1983 10:48:25. 45.19 -69.10 18G 3.1MB 14
Dec 08 1983 12:23:05. 45.11 -67.19 7. 3.0MB 15
Dec 09 1983 05:45:14. 44.48 -56.59 18G 3.6ML 16
Dec 09 1983 05:45:14. 44.48 -56.59 18G 3.6ML 17
Dec 01 1983 02:58:58. 44.53 -73.41 18G 2.7MN 18
Dec 01 1983 07:43:55. 45.70 -74.77 11. 2.8MN 19
Dec 11 1983 05:53:42. 45.12 -72.11 1G 2.4MN 20t
Dec 11 1983 01:52:03. 46.70 -76.27 18G 3.1MN 21
Dec 19 1983 20:00:36. 45.24 -66.77 5G 2.1MN 22
Dec 21 1983 15:04:44. 45.21 -73.96 10G 3.OMN 23t
Dec 28 1983 12:24:22. 47.07 -76.28 18G 3.5MN 24
Jan 15 1984 00:49:55. 46.54 -72.10 18G 2.5MN 25
Jan 15 1984 00:49:55. 46.54 -72.10 18G 2.5MN 26
Jan 02 1984 01:52:44. 47.53 -70.03 5. 0.1ML 27
Feb 02 1984 11:15:34. 44.66 -56.38 18G 4.2ML 28
Feb 11 1984 04:27:46. 46.49 -70.03 8. 1.OML 29
Feb 11 1984 04:27:46. 46.49 -70.03 8. 1.OML 30
Feb 13 1984 08:23:12. 46.91 -71.42 20G 2.2ML 31
Feb 13 1984 10:23:10. 46.88 -71.35 18G 2.1MN 32
Feb 15 1984 07:34:29. 47.50 -70.05 12. 0.7ML 33
Jul 07 1984 10:20:01. 46.88 -83.17 1G 2.9MN 34t
Jul 21 1984 09:28:00. 49.79 -82.31 1G 2.8MN 35t
Jul 21 1984 09:36:00. 47.94 -80.67 1G 2.8MN 36t
Sep 25 1984 04:00:00. 46.01 -71.37 1G 3.1MN 37t

t Probable Blasts

25



ECTN INSTRUMENT RESPONSES

S102

10

W 102
cf)

z
0. 10

i0 4

10-11 1

Fiur 11-3 Inrmn MRespnse forthOTRKTEDR)I

and4 GAC Sysem atASCTN)

26



Table 4

ECTN Station Locations

STA N-LAT E-LONG ELEV(M) LOCATION

CKO 45.9940 -77.4500 190 CHALK RIVER ONTARIO
EBN 47.4620 -68.2420 195 EDMONSTON N. B.
EEO 46.6411 -79.0733 398 ELDEE ONTARIO
GAC 45.7030 -75.4779 62 GLEN ALMOND QUEBEC
GGN 45.1170 -66.8220 30 ST. GEORGE N. B.
GNT 46.3628 -72.3722 10 GENTILLY QUEBEC
GRQ 46.6067 -75.8600 290 GRAND-REMOUS QUEBEC
GSQ 48.9142 -67.1106 398 GROSSES-ROCHES QUEBEC
HTQ 49.1917 -68.3939 123 HAUTERIVE QUEBEC
JAQ 53.8022 -75.7211 366 LA GRANDE-3 QUEBEC
JBQ 53.6103 -75.6053 381 LA GRANDE-3 QUEBEC
KAQ 53.9833 -73.5230 472 LA GRANDE-4 QUEBEC
KLN 46.8433 -66.3717 411 MCKENDRICK LAKE N. B.
LMN 45.8520 -64.8060 363 CALEDONIA MTN N. B.
LPQ 47.3408 -70.0093 126 LA POCATIERE QUEBEC
MNQ 50.5333 -68.7744 610 MANICOUAGAN S. QUEBEC
MNT 45.5025 -73.6230 112 MONTREAL S. QUEBEC
OTT 45.3939 -75.7158 83 OTTAWA S. ONTARIO
SBQ 45.3783 -71.9263 265 SHERBROOKE QUEBEC
SUO 46.4027 -81.0068 252 SCIENCE N. SUDBURY ONTARIO
TRQ 46.2222 -74.5556 858 MONT-TREMBLANT QUEBEC
VDQ 48.2300 -77.9717 305 VAL-D OR QUEBEC
WBO 45.0003 -75.2750 85 WILLIAMSBURG ONTARIO
WEO 44.0186 -78.3744 149 WE-LoCME ONTARIO
SCP 40.7950 -77.8650 352 STATE COLLEGE PA. (DWWNSSN)
RSNY 44.5483 -74.5300 357 ADIRONDACK N.Y. (RSTN)
RSON 50.8589 -93.7022 357 RED LAKE ONTARIO (RSTN)
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A map is shown in Figure 12 with station and event locations. Stations
are indicated with triangles and the three stations SCP, RSNY, and RSON are
plotted for reference. Events are plotted as crosses and the probable quarry
blasts are indicated with a circle around the cross.

Among the various issues that we wished to address with this data, was
the reliable estimation and interpretation of cepstra to be used in discrimination
between earthquakes and quarry blasts. Several researchers in recent years
have reported the detection of ripple-firing in recordings of quarry blasts (c.f.
Baumgardt and Ziegler, 1988; and Smith 1988b). In addition, Alexander and
Borkowski (1988) report the use of cepstral methods to estimate pP-P and sP-
P times from regional seismograms. With the exception of Alexander and Bor-
kowski, most cepstral analysis has been performed on a single station or a
small array of stations. With its density of coverage in a high-Q area, the
ECTN has the capability of giving multiple estimates of cepstra and allowing us
to gauge the robustness of single station estimates. Also of interest is the
bandwidth of the network since cepstral analysis requires the maximum avail-
able bandwidth. The ECTN stations have a Nyquist frequency 50 percent
higher than the RSTN, DWWSSN, or NORESS array stations. Although the
NORESS high-frequency station has a greater sampling rate than the ECTN, it
is only one station.

First, we review cepstral analysis and some of the statistics of the estima-
tion procedure. We make several observation about the process of cepstral
estimation,

* Cepstral analysis is not an objective model independent analysis.

* There are no published criteria for judging the statistical significance of a
cepstral peak.

* Bandwidth is critical to cepstral analysis and most data available does
not have enough bandwidth to resolve the smallest time delays associated
with ripple firing.

Given these considerations, we derive some statistical criteria for the
evaluation of the significance of cepstral peaks and show that there is a max-
imum likelihood estimator for the combination of network data. The network
stacking method of Alexander and Borkowski is related to this maximum
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likelihood network estimator. Given that cepstral estimation is a model depen-
dent procedure, we propose a procedure that balances bandwidth resolution
against model dependence by use of a well-defined smoothing operator.
Finally, the results for several probable quarry blasts and earthquakes are
shown and discussed.

2.3.1 A Review of Cepstral Theory

The cepstrum is defined as the Fourier transform of the log of the power
spectrum of the signal (Oppenheim and Schafer, 1975). If s(t) is the time
domain signal and P(f) is its power spectrum then the cepstrum, C('), is the
spectrum of ln(P(f)). If we write the Fourier transform operator as F[.,f] and the
time domain taper as O(t) then we have that

P(f) = IF[e(t)s(t) , f i2 = 1e(f) X S(f) 12

C(t) = F[In(P(f)) , t] = F[F1(f) , t]

where x is the convolution operation. The intent of cepstral estimation is to
analyze the modulation of the power spectrum. With the use of some algebra,
simple identities related to Fourier spectra, and a Taylor series expansion for
Ino, it can be be shown (see Flinn at al. , 1973) that if the signal contains an
echo of relative amplitude b with time delay t o described by

s(t) = a(t) + b a(t + 'o),

then the cepstrum is

C(t) = F[ln(P(f)), t)] + F[ln(1 + b2 + 2bcos(2xfto)), r]

- F[F1(f), t] + 2bF[cos(27fdto), t]

= (r) + 2b8(lI -t I1).

Therefore C(t) will have a peak located at T = To and t = -To. The size
and resolution of the peak will be determined by the relative amplitude of the
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echo, b, and the shape of the log-power spectrum ir(t) = F( 11(f), r). This
interfering term is the Fourier component of the shape of the log-power spec-
trum without the echo. Since we are usually interested in small time delays, we
are concerned with the shape of the spectrum over large bandwidths. Since
no realistic seismic signal has a flat spectrum, it is necessary to remove any
trends and general shape of the log-power spectrum prior to estimating the
cepstruin. Some model for HI(f) is assumed (or fit) in order to remove the
interfering effects of the broadband shape of the log-power spectrum. This is
analogous to a trend removal and taper in the time domain prior to estimating
the power spectrum. As the analogy suggests, this pre-whitening of the log-
power spectrum introduces artifacts into the cepstrum just as tapering affects
the estimation of the power spectrum. For example, smoothing of the log-
power spectrum will introduce a multiplicative response into the cepstrum. We
can not escape the fact that the processing at this step is nonlinear and model
dependent.

To be precse, we may either add (or subtract) a correcting function, C(f),
to the log-power spectrum, multiply (or divide) the log-power spectra by a
correcting function, ic(f), or convolve a smoothing operator, y(f), with the log-
power spectra. The result of adding a correction is,

C(T) = F[(C(f) + ln(P(f)) + 2bcos(2fMto)),t]

= Z(t) + 7(t) + 2b8( I T - To I).

The result of applying a multiplicative correction is,

C(tc) = F[K(f)(ln(P(f)) + 2bcos(2nfto)),tr]

z K(t) x [n (t) + 2b8(It - Iol)].

And the result of convolving a smoothing operator is,

C'(tr) = F[y(f) x (In(P(f)) + 2bcos(2nfto)),tr]

= F(t)[7E(,t) + 2b6( It - % I)].
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In practice, all three things are done to the power spectrum in order to
prepare it for cepstral estimation and we have,

C( ) = I(-r)K(tr) x [Z(tr) + n(tr) + 2b8( Jr - To 1)].

Generally, the log-power spectrum is pre-whitened by the removal of a
trend which is equivalent to assuming the power spectrum is proportional to
frequency raised to some power, f-a, where -a is the slope of the log-power
spectrum. Since most seismic spectra have this form at high frequencies, this
may be a good model. However, since most seismic log-spectra are also con-
cave downward (due to corner frequency and attenuation), the effect of a sim-
ple slope correction is to introduce a cepstral signal with broad bandwidth and
significant cepstral power at low quefrency. If a signal with 20 Hz Nyquist and
10 Hz corner frequency is subjected to a detrending, a 10 Hz modulation will
remain in the log-power spectrum and show up as a 0.1 sec quefrency peak in
the cepstrum. This will be true even if the bandwidth from 0 to 20 Hz has
infinite signal-to-noise ratio.

The effects of limited bandwidth are even more subtle. If signal-to-noise
ratio is such that the bandwidth is limited to a simple window in the frequency
domain, such as f, to f2, then the cepstrum will contain the Fourier transform of
the spectral bandwidth (boxcar from f, to f2) and a false peak may occur at
1/1f 2 - f, I. For example, suppose the 20 Hz Nyquist signal is limited to 2 to
15 Hz, then we can only expect to resolve quefrencies longer than 1/13
seconds. A number of researchers have attributed quefrency peaks shorter
than 0.2 seconds to multiple sources with data limited to a 20 Hz Nyquist and
bandwidths significantly less than 0 to 20 Hz.

An additional misconception may arise due to padding in the frequency
domain. The power spectrum is defined from -fN to fN and the cepstrum is
computed using a total bandwidth of 2 N that implies an apparent resolution of

= 1 /2f N. In fact this is misleading, since the power spectrum contains the
symmetry, P(f) = P(-f), and the doubling of the power spectrum is only
equivalent to a sinc interpolation. The best possible resolution is limited to &r =
1/fN . As the previous discussion makes clear, practical resolution is limited to
the reciprocal of a spectral window for which we have adequate signal-to-noise
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ratio, &T = 1/ifl-f 2 l. Furthermore, it is well known that Fourier estimation of
low frequencies is a very difficult problem unless the window includes two or
more cycles. These low frequencies (quefrencies in this case) are very sensi-
tive to the de-trending algorithm and leakage from other quefrencies. Conse-
quently, it is unwise to take much stock in detections of quefrencies less than
3/fN. For a 20 Hz Nyquist signal this is 0.15 second quefrency or 0.1 second
for a 30 Hz Nyquist.

Since pre-whitening is necessary, the procedure is model dependent and
the model assumptions must be examined as part of the procedure. It is pos-
sible to view the detection of multiple shots as a fitting procedure to the spec-
tra. This is in effect proposed by Smith (1988b) who claims that bandwidths of
at least 35 Hz will be required in order to make reliable detections of ripple
firing with group delays of 100 to 200 milliseconds. From the point of view of
cepstral analysis, this amounts to the t > 3 /fN criteria stated above.

Finally, we can examine the detection of cepstral peaks using extensions
of statistical methods traditionally applied to the detection of spectral peaks in
power spectra. Assuming that the pre-whitening model has been applied
correctly then we have 11(f) = ln(P(f)) + W(f) where W(f) = ln(w(f)) is the deter-
ministic pre-whitening correction. We note that P(f)w(f) is distributed X2 with
two degrees of freedom assuming that w(f) correctly pre-whitens the spectrum
(Shumway, 1988). Therefore FI(f) = ln(P(f)w(f)) is zero-mean normal with unit
variance except for any modulation due to the interference of multiple sources.
Then I C(t) 12 is the power spectrum of a Guassian white-noise process plus
the spectrum of the modulation. We can establish a 95 percent detection cri-
teria for peaks of C(tc) assuming that I C(tC) 12 is distributed X2 with 2 degrees of
freedom in the absence of modulation due to multiple sources. Any peak
greater than the 95 percent significance level is considered to be true modula-
tion of the log-power spectrum.

Now in order to pre-whiten the log-power spectra, we choose to subtract a
correction spectra derived from the convolution of a smoothing operator (low-
pass filter) with the log-power spectrum. In this way we try to minimize the
model errors associated with the pre-whitening of the log-power spectrum. We
give up resolution of the smallest quefrencies to attain a better (unbiased) esti-
mate of the cepstra for r > trL. We choose TL to be in the neighborhood of 3 /fN .
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Figure 13 shows a flow chart that describes the process. The smoothing
operator (low-pass filter), y(f) is applied so that the copstral estimator is given
by,

C(tc) = F[21n( IFjs(t)O(t)),f] I x (1 - y),c,

= F[21 n( IS(f) x 0)(f) I)x (1 -

= F[21n( IS(f) x O(f) I),t](1 - 17()).$

FQ) decays to zero for c > 'CL such that the cepstra above 'CL are undis-
turbed.

We have discarded the lowest quefrencies as unreliable. These quefren-
cies are expected to be diagnostic of the ripple firing usually associated with
delays measured in the 0.1 to 0.01 second range. However, if we reexamine
the tapered signal as a sum of N subsignals of size bk with time delays tk then

s(t) = 0(t) jtONbka(t + TO)
k=1

P(f) I 80(f) x A(f) 12(1 + 2 tONbkCOS(21frk) + I toNbkbjcos(27df(tk - j)
k=1 k,j=1

11(f) = ln(P(f)) = 21n(I O(f) x A(f) I

+ 2 YtONbkCOS(2icrk)

+ ~JtoNbkbjcos(2Xf(rk - tij)) +

C(,r) =F[21n( I 8(f) x A(f) I ),tr](1 - 17(t))

+ 2(1 - F(T)) YtNbkB(t - TO)
k--1
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I-CEPSTRAL ESTIMATION WITH CONVOLUTIONAL PRE-WHITENINGjAND SIGNIFICANT PEAK DETECTION

TIME SERIES
S (t)

APPLY TAPER
T(t)S(t)

POWER
SPECTRAL

ESTIMATION
P(F)

CONVOLVE
WITH < - L(F))
-G(F)

SPECTRAL
ESTIMATION WHITE

NOISE

CEPSTRAMOE
c(t)

PEAK L lSIGNIFICANCE
DETECTION J I LEVELS

Figure 13. A flow chart describing the estimation of cepstra
using a low-pass smoother y(f) to derive a baseline
log-power spectrum to prewhiten the log-power spec-
tra prior to estimation of cepstra.
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+ (1 - Y, toNbkbj8( It - (Ck - Cj) 1) +
k,j~l

Depending upon the shot array ('rl,...,.tN) the last term may make
significant contributions for delays approaching the duration of the shot array.
Since the shot arrays are often designed to "stretch-out" the shot duration
(Dowding, 1985) in order to minimize high-frequency near-field accelerations,
the contribution to the cepstrum of all of the delay differences can not be
ignored. A synthetic example is shown in Figure 14 (left). The synthetic shot
array consists of 100 shots, 10 rows of 10 shots each. Rows and columns are
detonated at 50 msec intervals and a 5 msec standard deviation is assumed
for each blasting cap (Dowding page 242). The cepstra are "perfect" in that
they do not include any blurring effects due to limited bandwidth, tapering,
spectral smoothing, or incoherence between shots that may occur if the indivi-
dual explosion sources are not identical. Note that significant cepstral peaks
occur at multiples of the 50 msec delay between shots. However, a shot pat-
tern may be chosen that shows no isolated peaks. A synthetic 10x0 shot
array with 30 and 50 msec delay times is shown in Figure 14 (right). Note the
absence of isolated cepstral peaks. Isolated cepstral peaks by themselves
may not be sufficient to identify ripple firing.

In order to verify that peaks in the cepstra are significant most researchers
have either examined cepstra from different stations or different phases at the
same station. Baumgardt and Ziegler (1988) using NORESS data examined
the cepstra of different phases. Alexander and Borkowski (1988) used several
regional stations and stacked the cepstra from independent stations within the
network. Alexander and Borkowski used both a linear (mean) and a non-linear
(product) stacking procedure for the cepstra. Given that the cepstra are distri-
buted X2, which is approximately log-normal, the geometrical mean of the net-
work is an appropriate averaging procedure. The geometrical mean would
constitute a maximum likelihood estimate under these assumptions. Alexander
and Borkowski used the product of the cepstra without taking the n'th root as
would be required for a geometrical mean. As presented, the cepstral peaks in
the work of Alexander and Borkowski are probably misleading with their
apparent large signal-to-noise figure. In the following analysis, we compare
stacking of the cepstra versus stacking of the power spectra. We find that
stacking of the detrended power spectra from the network appears to give a
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better estimate of the cepstra.

2.3.2 Cepstral Analysis of ECTN Data

Four events were chosen for preliminary analysis, two probable quarry
blasts and two earthquakes. The four events had numerous good recordings
at a range of distances and azimuths. Preliminary spectra indicated that the P
and Pn signals had good signal-to-noise ratios above 20 Hz. The Lg and/or Sn
had less predictable high frequency signal-to-noise ratios, so it was decided to
concentrate on the P and Pn waveforms.

The average P-wave spectra for the four events are shown in Figure 15A,
B, C, and D. The spectra from each station were adjusted to give the same
average spectral level in the 4 to 7 Hz bandwidth and log-averaged. The stan-
dard deviation of the individual spectra are shown. Note that each network
average spectrum appears to have somewhat regular spectral nulls. The
earthquakes have corner frequencies in the 5 to 10 Hz range. While, the
12/21/83 quarry blast could be characterized with a corner frequency in the 5
to 10 Hz band, the 09/25/84 event has a broad minimum at 2 Hz and a broad
maximum between 5 and 6 Hz. The detrended network average P-spectra are
shown in Figures 16A, B, C, and D. They show the modulations apparent in
the original network averaged spectra.

We have formed network estimates of the cepstra in two ways. We illus-
trate these two slightly different procedures with the 12/21/83 event. In the first
way, analogous to the procedure of Alexander and Borkowski, we compute the
cepstra for each station and then take a geometrical mean of the cepstra. Fig-
ure 17 shows the individual cepstra at the bottom and the geometrical mean
above. For comparison, the "scaled" product of the cepstra (dashed line) is
compared to the geometrical mean. As pointed out above, the product
appears to have significant peaks but is deceptive in that it over emphasizes
the three largest local maxima. Note the scatter in the individual station ceps-
tra shown below. The 95 percent confidence level is established from the 95
percentile of a cepstrum computed from a Guassian white-noise log-power
spectrum with the same rms level as the individual detrended log-power spec-
tra.
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STACKED CEPSTRA OF DETRENDED ECTN P SPECTRA
0.014 12/21/83 QUARRY BLAST

LJ 0.012 8 STATIONS
:D "PRODUCT AND GEOM. MEA
tz 0.010-'
2 0.008 C , .....

< 0.006 -'I
I II

- 0.004 - '
LI 0.002 I II

0.000 " -"- - - -------
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CEPSTRA OF DETRENDED INDIVIDUAL ECTN P SPECTRA
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Figure 17. Individual cepstra for 8 different stations
for the 12/21/83 event (bottom). Geometric
mean of the 8 cepstra (solid line) and a
"scaled" version of the product of the in-
dividual cepstra (dashed line) (top).
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As an alternative procedure, log-power spectra are averaged and then the
cepstrum is computed. This network cepstral estimate is compared with the
stacked cepstral estimate in Figure 18. The cepstrum of the stacked spectra
(solid line) shows one very large peak at 0.5 seconds and numerous other well
defined peaks at the 95 percent confidence level. The same peaks are
apparent in the stacked cepstral estimate (dashed line) although the peaks
appear to be broader and the background level is higher. There are no strong
reasons at this point to prefer one of the two methods over the other; however,
the second procedure appears to have a lower background level over a
broader quefrency. The log-averaging of the individual power spectra appears
to be more stable and lead to a more prewhitened log-power spectrum than
the detrending of the individual log-power spectra. This would suggest that the
second procedure is better.

Figures 19A, B, C, and D show the network cepstral estimates for the four
events (two earthquakes and two probable quarry blasts). Note that all four
events exhibit peaks at the 95 percent confidence level.

The two earthquakes have constrained depths of 18 km, and as such
would be expected to have cepstral peaks with quefrencies of 5 or 6 seconds if
the P+pP were responsible for the spectral modulation. The time window used
to analyze the P waves was chosen to be 8 seconds, so we would not expect
to reliably detect periodicity within the P waveform with quefrencies longer than
4 seconds. These events would have to be quite shallow to have periodicities
caused by pP and sP with quefrencies near 1 second. It is not clear at this
time what is responsible for these periodicities in the P waveforms. These
periodicities are particularly puzzling, since the spectral modulations are
present for a number of stations at different distances and azimuths from the
event. Reverberations in the crustal structure could not be expected to be
coherent across the network. It is possible that each P-wave path exhibits cru-
stal periodicity and that these cepstral peaks then combine in a fashion not
properly modeled by the statistical model proposed above. The null hypothesis
that was used to define a significance level assumes that detrended log-power
spectra are Gaussian white-noise time series in the absence of source multipli-
city. The periodicities may be in the propagation paths. It may be that the
proper null hypothesis more correctly assumes that each path has a set of ran-
domly chosen periodicities with a spectrum defined by the range of crustal
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structures in the region. One way to evaluate this hypothesis and establish
confidence levels will require examination of synthetic P and Pn waveforms for
a range of acceptable crustal models.

In summary, both earthquakes and probable quarry blasts recorded by the
ECTN show evidence for deterministic modulation of the spectra as detected in
cepstra. This spectral modulation requires a repetitive nature for both source
types with quefrencies in the 0.2 to 1.0 second range. The cepstral peaks are
observed at multiple stations in the network at a range of distances. Since the
earthquakes had corner frequencies above 5 Hz, it is unlikely that these
periodicities are related to source processes and are rather due to propagation
effects. The null hypothesis used to test the significance of the cepstral peaks
may be in error. An alternative hypothesis may be that crustal reverberations
lead to spectral modulation that mimics multiple sources. This hypothesis
could be explored with synthetic seismograms generated for a range of crustal
structures.

In the light that false alarms are quite likely in cepstral analysis, the routine
use of cepstral estimation may have limited utility for discrimination. The pres-
ence of cepstral peaks in the 0.2 to 1.0 second quefrency range is not in itself
a reliable discriminant.
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III. IDENTIFICATION OF SEISMIC SOURCES
IN THE SOUTHERN SOVIET UNION

3.1 Regional Observations from Soviet Events

To be considered truly reliable, regional discrimination procedures need to
be tested on events from areas where the identification procedures are to be
applied or, at least, calibrated for those areas. As noted above in Section II,
regional seismic data have generally not been available for events in the Soviet
Union. A few authors (e.g., Nuttli, 1986; Ringdal, 1988) have systematically
measured Lg signal amplitudes at far-regional distances from East Kazakh
underground nuclear explosion and used the results to compute Lg magnitudes
for correlation with the explosion yield. However, in nearly all cases the paths
to the stations used in these studies have been extremely long or tectonically
complex resulting in very weak signals and requiring some assumptions about
Lg propagation which may not be warranted for the paths involved. In particu-
lar, Ruzaikin et al. (1977) suggested that Lg signals were effectively blocked,
and not normally attenuated, in crossing some of the tectonically active zones
to the south of the Soviet test site. In previous work at S-CUBED, we
reviewed the quality of regional phase signals including Lg recorded at SRO
and other stations outside the southern Soviet border and concluded that the
signals from Soviet explosions in both the East Kazakh and Caspian regions
were weak and barely above noise level for most of the events. However,
there was evidence that events from the same source regions typically pro-
duced stronger Lg signals at larger regional distances to stations in Scandina-
via and northern Europe, even though the regional phases themselves were
typically highly dispersed and not distinct.

It seems clear from these studies that the observed behavior of the signals
and the propagation paths are atypical of the conditions which are anticipated
for future in-country monitoring with regional seismic networks or stations. As
pointed out above in Section II, the stable continental platform areas interior to
the Soviet Union are expected to provide highly efficient propagation environ-
ments for regional phases, and particularly Lg, comparable to conditions in
eastern North America. Highly efficient Lg transmission in Soviet platform
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areas is certainly suggested by the far-regional observations in Scandinavia
and northern Europe by Nuttli and Ringdal, which were cited above. However,
the far-regional measurements do not truly represent normal regional monitor-
ing which typically utilizes stations at ranges less than 2000 km and more often
ranges less than 1000 km.

Only recently high-quality seismic data recorded at normal regional dis-
tance ranges from events near the Soviet East Kazakh test site have started to
become available. These data are from two sources: the Chinese Digital
Seismic Network (CDSN) and the joint Soviet/Natural Resources Defense
Council (NRDC) temporary network surrounding the East Kazakh test site.
The former has recorded numerous Soviet underground nuclear explosions
and earthquakes at comparable magnitudes and ranges while the latter
recorded mainly a large number of Soviet commercial blasts of small magni-
tude at nearer ranges. The data provide a good source for investigating the
characteristics of regional phase propagation in more representative tectonic
environments and for assessing the capabilities and problems which may arise
for future in-country regional seismic monitoring around East Kazakh.

3.2 Analysis of Regional Signals from the CDSN

In analyzing the regional signals from underground nuclear explosions and
earthquakes recorded by the CDSN, we focused on observations at station
Urumchi (WMQ) which is the nearest station to the principal Soviet test site in
East Kazakh (cf. Figure 20). Preliminary review of data from the WMQ site (cf.
Bennett et al , 1988) had indicated the potential of this station for recording
good regional signals, including Lg, from East Kazakh explosions (R = 970 kin)
and earthquakes at comparable ranges. Installation of the high quality digital
station at WMQ in 1986 greatly enhanced the station's capability and made the
waveform data easily accessible for analysis. In this study we attempted to
recover the digital seismic signals from all East Kazakh underground nuclear
explosions which occurred since the installation of the digital station. After
reviewing the digital data from some of the earlier explosions, we found that
there appeared to be a problem with station triggering which caused the
recording system to shut off prior to arrival of Lg and not restart at the time of
Lg even though the signal level was much higher than the background noise at
the time of shutdown. As a result the Lg signals were missed. This was most
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problematic for the high sampling rate channels (40 samples/sec); in many
cases the intermediate sampling rate channel (20 samples/sec) included the L9
signal window for these same events although even there the system occa-
sionally shutdown before the end of the Lg signal. This triggering problem was
ameliorated to some extent by a change to the detection algorithm, but we
decided to use the intermediate channel in these analyses. We found that the
intermediate channel provided a somewhat more complete event sample and
still recovered most of the useful frequency band where signal-to-noise level
was adequate at the ranges involved.

Figure 20 shows the locations of 12 underground nuclear explosions at
East Kazakh for which the regional recordings at WMQ were analyzed. Table
5 provides the source information on these events. The magnitudes were
between 4.7 and 6.2 mb. The range of the explosions from WMQ was from
945 t6 992 km with the nearer events located at Shagan River and the farther
at Degelen Mountain. To develop a comparable earthquake sample, we
searched the National Earthquake Information Service (NEIS) event list for
events since the time that WMQ was converted to digital recording. In this
search we attempted to identify earthquakes with magnitudes comparable to
those of the explosions and located at distances from WMQ which encompass
the distance range for the explosions. It is well known that the area surround-
ing the East Kazakh test site is virtually aseismic, so comparable earthquakes
were not available which would have transmission paths close to those of the
explosions. We were, therefore, forced to select from a more diffuse set of
events. Figure 20 shows the locations of the 20 earthquakes for which
regional signals from WMQ were recovered. The source information on these
earthquakes is summarized in Table 6. The earthquakes had magnitudes
between 4.5 and 5.9 mb, and the distances from WMQ were between 423 and
1176 km.

Figure 21 shows representative examples of the vertical component
records obtained at station WMQ for four explosions and four earthquakes.
The regional records from both source types normally show strong, complex P
and Lg phases. At this distance range the P waves from the explosions are
typically dominated by early, high-frequency P phases which apparently
correspond to paths in the deep crust or upper mantle. The Pg phase is not
particularly distinct, appearing as a segment of increased amplitude coda
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Table 5

East Kazakh Underground Nuclear Explosions

Date Origin Time Lat.(0 N) Lon.(E) A(km) mb

03-12-87 01:57:17.3 49.93 78.78 956 5.4

04-03-87 01:17:08.0 49.93 78.83 956 6.2

05-06-87 04:02:05.7 49.83 78.13 989 5.6

06-06-87 02:37:07.0 49.86 78.10 992 5.3

06-20-87 00:53:04.8 49.91 78.74 956 6.1

08-02-87 00:58:06.8 49.88 78.92 945 5.9

12-20-87 02:55:06.3 49.83 78.00 996 4.7

02-13-88 03:05:05.9 49.95 78.91 956 6.1

04-03-88 01:33:05.7 49.89 78.96 945 6.0

04-22-88 09:30:06.7 49.79 78.11 987 4.9

05-04-88 00:57:06.8 49.92 78.76 956 6.1

06-14-88 02:27:06.4 50.02 78.99 956 4.9
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Table 6

Regional Earthquakes Recorded at WMQ

Date Origin Time Lat.(°N) Lon.(*E) A(km) Mb

12-14-86 03:19:16.7 47.31 83.31 517 5.0

12-20-86 23:08:16.5 36.75 93.66 940 5.3

01-05-87 22:52:46.5 41.96 81.32 578 5.9

01-24-87 08:09:21.3 41.53 79.32 732 5.9

01-24-87 13:40:40.3 41.44 79.25 742 5.2

03-05-87 02:33:39.3 35.41 87.39 934 4.5

04-09-87 07:25:35.7 35.50 87.07 926 4.8

04-09-87 20:01:19.5 35.51 80.65 1102 4.9

04-30-87 05:17:37.0 39.76 74.57 1168 5.7

06-08-87 13:30:32.8 39.75 74.62 1176 5.1

08-05-87 10:24:21.1 41.36 82.11 534 4.8

12-03-87 23:51:42.9 39.66 77.48 967 4.7

12-06-87 16:20:45.2 37.44 94.61 912 4.7

12-17-87 12:17:25.6 41.94 83.20 423 5.1

01-02-88 22:02:36.0 40.06 77.34 956 4.9

03-25-88 02:07:55.8 44.71 79.60 656 4.5

05-02-88 02:13:26.3 40.26 82.20 600 4.9

05-25-88 00:05:22.8 40.57 77.62 912 4.9

06-17-88 13:30:45.0 42.94 77.50 834 5.3

07-23-88 07:38:09.9 48.72 90.51 589 5.5
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Figure 21. Vertical-component records 
at WMQ from four nuclear

explosions (top) and four regional earthquakes

(bottom).
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trailing the earlier P arrivals. Lg appears as a long-duration, complex phase
with a peak amplitude which is frequently as large as the P phase on these
broad-band recordings from the explosions. For the earthquakes the P phases
are generally smaller in amplitude than the Lg phases, and multiple phases are
frequently apparent depending on the epicentral distance. Lg signals are
strong and of long-duration for the earthquakes and in some cases are pre-
ceded by an S, phase which wasn't apparent in the explosion signals.

We made peak amplitude measurements of P and Lg signals from the

broadband records of the explosions and earthquakes at WMQ. Figure 22
shows the Smax/ Pmax and Lg/Pg peak amplitude ratios for these events. The
Smax/Pmax ratio compares the peak amplitudes before and after Sn arrival time
while Lg/Pg compares peak amplitudes in the appropriate group velocity win-

dows (i.e., near 6 km/sec for Pg and less than 3.6 km/sec for Lg). In nearly all
cases the Sma x corresponded to the Lg peak, but as noted above Pmax seldom

corresponded to Pg. The ratio measurements provide fairly good separation
between event types with generally larger ratios for earthquakes than for explo-
sions. In order to clarify and possibly enhance these differences, we per-
formed a band-pass filter analysis using a suite of seven narrow-band filters.
The filter passbands were 0 to 1 Hz (center frequency fc = 0.5 Hz), 0.5 to 2 Hz

(fc = 1.25 Hz), 1 to 3 Hz (fc = 2 Hz), 2 to 4 Hz (fc = 3 Hz), 3 to 6 Hz (fc = 4.5
Hz), 4 to 8 Hz (fc = 6 Hz), and 6 to 12 Hz (fc = 9 Hz). Above and below the

corners the filter response dropped off at 48 dB per octave. After filtering we
recomputed the Smax/Pmax (Lg/Pmax) amplitude ratios for the various events as

a function of the center frequency of the bandpass filter. Figure 23 shows the
results of those measurements for the individual events. The Lg/Pma x ratios in

all cases start out well above 1.0 at low frequencies, but the ratios rapidly
decay toward higher frequencies. The ratio measurements for both types of
events start to level off at higher frequencies with the earthquakes leveling off
at higher ratios. As a result, the ratios are observed to be somewhat intermin-
gled with respect to event type at frequencies below about 2 Hz but completely

separated at higher frequencies. The Lg/Pmax ratios for the earthquakes are

generally much higher than for the explosions above about 3 Hz. Figure 24
shows the average Lg/Pmax ratios for the two event types as a function of fre-

quency. Superimposed on these curves are the 95 percent confidence bounds
on the means which were estimated using the data from Figure 23. The only
area where the confidence bounds overlap is for the lowest center frequency
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(viz 0.5 Hz); at 1 Hz and above the Lg/Pma x amplitude ratios are completely
separated at the 95 percent confidence level. Furthermore, it appears that the
separation between the measurements tends to increase toward higher fre-
quencies. At the low-frequency end the average Lg/Pmax ratio is about 4.4 for
the earthquakes and about 3.3 for the explosions. The average earthquake
curve levels off at a value near 1.0 above about 3 Hz. The average explosion
curve falls off more rapidly out to 3 Hz and continues to fall off, at a somewhat
slower rate, at higher frequencies. As a result, the average amplitude ratios
are separated by almost an order of magnitude at higher frequencies.

Figures 25 through 27 show comparisons of the S/P amplitude ratio in two
different frequency bands for various combinations of regional phases. Since
the S measurement in virtually all cases corresponded to Lg, the different
figures actually represent comparisons of the excitation of the different P
phases relative to Lg. Figure 25 shows the Smax/Pmax ratios fnr filter
passbands of 3 to 6 Hz (top) and 0 to 1 Hz (bottom). The ratios are com-
pletely intermingled for the low-frequency band but well-separated for the high-
frequency band. There is no apparent trend in the amplitude ratios with
respect to magnitude. The results point out a need for care in dealing with
observations obtained from seismic systems with sharply peoked response
characteristics. Discriminants which rely on differences in a limited frequency
band could provide false identifications at other frequencies. Figure 26 shows
a similar plot for Lg/Pn ratios, where Pn is taken as the first arrival. In this
figure the arrows indicate that the measurements represent either upper or
lower limits on the actual ratios; in most cases this is only an artifact of the
measurement procedure and could have been corrected by scaling the time
histories differently. In any case, we again see some intermingling at the low
frequencies and complete separation at high frequencies. It is interesting that
for the lower-frequency passband the separation is actually better for the Lg/Pn

ratio than for the Smax/Pmax ratio in the previous figure. For the earthquakes
the initial low-frequency P is normally quite small, and there is a tendency for
P-coda phases to be somewhat larger. As a result the Lg/Pn ratios will tend to
be larger than the Smax/Pmax ratios for the earthquakes. This may also hold to
some extent for the higher-frequency passband measurements. Finally, Figure
27 shows the same kind of plot for the Lg/Pg ratios. For the low-frequency (0
to 1 Hz) band the Lg/Pg peak amplitude ratios are about the same for earth-
quakes and explosions, but for the 3 to 6 Hz band the Lg/Pg amplitude ratios
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are larger for the earthquakes. At low frequencies the Pg signal is quite small
for both earthquakes and explosions resulting in the large Lg/Pg ratios. At high
frequencies the ratios are smaller and we have separation of the event types;
but the measured signal in the Pg window may correspond to coda from earlier
P phases and not the normal Pg. Again in Figure 27 there is no apparent trend
in the ratio measurements with respect to magnitude.

One final comparison of the high- and low-frequency passband amplitude
ratios is presented in Figure 28. Here we present the Smax/Pmax ratios as a
function of the epicentral distance at which the measurement was obtained. It
was thought that this could be important because the explosions were concen-
trated in a very limited distance range from WMQ while the earthquake dis-
tances were more variable. First, for the lower-frequency passband there is lit-
tle evidence of any dependence of the amplitude ratio on epicentral distance.
The Smax/Pmax ratios at all distances scatter about a mean value near four.
For the high-frequency band there does appear to be some tendency for the
Smax/Pmax peak-amplitude ratios to decrease with epicentral distance. Focus-
ing on the earthquake measurements, the ratios are generally greater than 1.0
at distances less than 800 km and show an overall decrease toward larger dis-
tances. However, the explosion Smax/Pmax ratios would still fall well below any
trend through the earthquake observations. So that even if the earthquake
amplitude ratios were adjusted to a common range with the explosions using
some average trend, the Smax/Pmax ratios would still be separated by about a
factor of four. One further caveat, which requires additional study, is that
attenuation along the propagation path to East Kazakh may be different from
the regional trend based on the earthquakes in Figure 28. We will return to
this in subsequent discussions.

Our initial interpretation of the observed frequency dependence in the
Sma/Pmax amplitude ratio was that the observation was consistent with previ-
ous findings from the western U.S. Those studies (cf. Murphy and Bennett,
1982; Bennett and Murphy, 1986; Bennett t al. , 1988a) indicated that the
earthquake Lg signals were richer in high frequencies than the comparable
explosions, but the Pn signals had equivalent spectral content for explosions
and earthquakes. Thus, the Lg/Pn amplitude ratios for those events would be
expected to fall off more rapidly toward high frequencies for explosions than for
earthquakes. Based on this interpretation it would than be anticipated that the
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Lg spectral ratio discriminant might work on the events recorded at WMQ. To
test this hypothesis we computed the Lg spectra for selected events from the
WMQ database including seven explosions and seven earthquakes. The
explosion magnitudes were between 4.7 and 6.1 mb and the earthquake mag-
nitudes were between 4.5 and 5.9 mb. Epicentral distances were between 945
and 996 km for the explosions and between 732 and 1168 km for the earth-
quakes. Figure 29 shows the Lg spectra for the seven explosions after correct-
ing for instrument response. The spectra show a nearly flat potion at lower fre-
quencies and a relatively steep decay above an apparent corner frequency in
the range from 0.6 to 1.0 Hz. In general, the corner frequency increases with
decreasing magnitude as expected from simple source theory. The earthquake
Lg spectra also showed a flat low-frequency segment and strong spectral
decay above a corner frequency, but corner frequencies were somewhat more
erratic with respect to magnitude. The apparent corner frequencies for the
earthquakes were in all cases lower than the corner frequencies for the explo-
sions with comparable magnitudes. Figure 30 shows schematic representa-
tions of the observed Lg spectra for the explosions and earthquakes observed
at WMQ. Some of the variability in the low frequency level for the earthquakes
may be attributed to epicentral distance differences; no correction has been
applied for attenuation. However, in general the low-frequency Lg spectral
level appears to be higher for the earthquakes than for the comparable explo-
sions. If events with the same mb are scaled to have comparable low-
frequency spectral levels, then the explosions have higher corner frequencies
and appear relatively richer in high frequencies. On the other hand, looking
beyond the corner frequencies, the explosions appear to show a slightly
steeper spectral decay than the earthquakes. Admittedly the latter is not a par-
ticularly strong difference and attenuation variations between the earthquake
and explosion paths could be affecting the observations.

To obtain additional insight into the significance of potential attenuation
differences on the Lg spectra, we applied Q corrections to the Lg spectra from
a few selected events. The Q correction was applied in the form of a t" opera-
tor, e ', where t' = t/Q; t is the travel time which we just took to be the epicen-
tral distance divided by the Lg group velocity (approximately 3.5 km/sec). It is
well known that Q varies significantly in the crust depending on the tectonic
environment (cf. Nuttli, 1981, 1986). As a first approximation to Q for the path
from East Kazakh to WMQ, we used the value determined by Bennett el al.
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(1988b) for the region around East Kazakh. They found an effective 0 of 2000
for Lg. This Q value is considered fairly high, representative of a relatively
efficient propagation path such as found in platform regions. It is believed that
higher attenuation and lower Q values are appropriate in regions with
increased tectonic activity, so that lower 0 values may be more representative
of the paths from many of the earthquake epicenters to WMQ. Figure 31
shows an example of the Q-corrected Lg amplitude spectrum for a magnitude
5.9 explosion at East Kazakh and a magnitude 5.9 earthquake. The earth-
quake range was 732 km. We applied the Q correction and then normalized
the spectra to have equivalent values at 1 Hz. The plot on the left assumes
that the explosion and earthquake had equivalent-Q paths with Q = 2000; while
the plot on the right assumes the Q for the explosion path was 2000 but the 0
for the earthquake path was only 1000. Comparing the spectral decays above
the corner frequency, we see that for the equivalent Q assumption the slope of
the spectral decay is practically the same for the explosion and earthquake.
However, under the alternate assumption of a lower Q path for the earthquake,
the slope is less steep for the earthquake. Figure 32 shows thG same pro-
cedure applied to magnitude 5.3 events. The decay above the corner fre-
quency is again seen to be about the same when the path Q's are assumed to
be equal, but the decay is somewhat steeper for the explosion when a lower 0
path is assumed for the earthquake. It seems reasonable from tectonic con-
siderations to assume that the path to the earthquakes has lower 0. If this is
in fact the case, it would follow that the Q corrected Lg spectra for the earth-
quakes would be relatively richer in high frequencies than the explosions with
similar amplitude levels at 1 Hz. However, the precise 0 corrections for the
various source/station paths are unknown at this time and would require con-
siderable effort to develop. Procedures exist for determining station-specific 0
corrections to Lg (cf. Nuttli, 1986), but those have not yet been implemented for
the paths involved here. One other interesting feature of the Lg spectra in Fig-
ures 31 and 32 is that the earthquake spectra at frequencies below 1 Hz
appear to be relatively richer in low frequencies. This observation appears to
conflict with Lg spectral observations from NTS (cf. Murphy and Bennett, 1982;
Bennett and Murphy, 1986; Bennett et al., 1988a; Taylor t &, 1988), but it Is
unclear to what extent the spectral amplitudes at low frequencies can be relied
on. Additional insight into the spectral behavior in this lower-frequency band
might be gained from analysis of the Lg signals from a channel with better low-
frequency response.
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In summary, the CDSN observations from East Kazakh explosions and
regional earthquakes indicate some new possibilities for regional discrimination.
Regional phases including Lg and several F phases are strong at this distance
range and should provide useful signals for comparing different source types.
Comparison of Lg to P excitation as a function of frequency appears to provide
a promising discrimination method for these events, but additional investigation
is needed to determine the significance of path differences on the measure-
ments.

3.3 Identification of Events from the Vicinity of the East
Kazakh Test Site Recorded by the SovIet/NRDC Network

The Soviet/NRDC seismic network in East Kazakh was installed during the
summer of 1986 and monitoring continued episodically through early Sep-
tember of 1987. Seismic instrumentation in the network during the monitoring
period was upgraded at several stages. In this report we will consider obser-
vations made during Phase II monitoring starting in March, 1987, which
included both surface and borehole three-component seismometer installations
at each of three stations surrounding the Soviet test site. Figure 33 shows the
locations of the three stations at Karkaralinsk (KK), Bayanaul (BA), and Karasu
(KS); the station locations in each case were hardrock sites (cf. Leith, 1987).
The installations had a high digitizing rate of 250 samples per second enabling
analysis of very high frequency signals although the frequency band was lim-
ited to frequencies below about 80 Hz by an antialiasing filter. Observations
from the Soviet/NRDC network have been described in several previous
reports (cf. Berger et al. , 1987, 1988; Bennett et al. , 1988b; Priestley and
Walter, 1988; Smith, 1988a). In our previous report (cf. Bennett t al., 1988b),
we focused primarily on utilization of the teleseismic data to define P-wave bias
of the region relative to NTS and on analysis of regional event signals to esti-
mate attenuation and effective 0 of the earth's crust in that area. The present
analysis concentrates on the identification problem for the regional events
recorded by the network.

Figure 33 also shows the locations of 362 regional events (including three
network calibration explosions) which were located by CSS analysts in the
region surrounding the test site using three-component single-station location
methods. The stations were shut down, by prior agreement, during Soviet

69



5 3 1 1 1

.

52

51 V ~ BA

* ***Shagan

o * ,River

5) - . A A

KK Mountain
a~49

0Z
48 .

47

46 I I I o I I

68 70 72 74 76 78 80 82 84 86

East Longitude (0)

Figure 33. Locations of presumed mine blasts in East Kazakh
recorded by the Soviet/NRDC network.

70



underground nuclear tests. As a result, the observations during Phase II,
which extended from March 19, 1987 to September 5, 1987 actually included
only 79 days of available data.

The observation of four to five locatable events per day of unknown origin
in the region was initially somewhat surprising considering that the area around
the East Kazakh test site is generally regarded as being naturally aseismic or
as having a very low level of natural earthquake activity. This issue was
clarified to some extent by Bennett et al. (1988b) who concluded that the
majority of these events were probably blasts related to mining or construction
activity in the area. This conclusion was based primarily on the fact that 92
percent of the events were concentrated during an eight-hour period of the
time of day, suggesting a tendency to blast during daylight hours, which is
similar to mining practice in the United States. We can also see in Figure 33
that many of the events tend to be clustered in specific areas (e.g., near
51.5 0N, 75.0°E, near 49.80N, 72.50E, and near 49.40N, 75.90 E). Several of
these areas (e.g., Ekibastuz at 51.8 0N, 75.30E and Karaganda at about 50.0°N,
73.0°E) are centers of coal fields which are being actively strip-mined (Leith,
1988). However, except for the three calibration shots, we have no particular
knowledge of the individual events in this sample, so it's possible that some of
the events may not have been commercial blasts. This situation is comparable
in many ways to that which we described above in Section II for eastern North
America with regional stations detecting a large number of unknown events
which would need to be identified if some low-level monitoring threshold were
established.

In this study we have not attempted to conduct a comprehensive analysis
of all 362 regional events in the database; however, we have sought to identify
some of the salient features in the regional seismic signals from these events
which may be useful in distinguishing them from other sources in the region.
The signals recorded by the Soviet/NRDC network stations from these events
frequently included strong Pg, Lg, and short-period fundamental-mode Rayleigh
waves, Rg, to ranges of 400 km or more indicating efficient propagation paths
for these small magnitude events. Figures 34 to 37 show several examples of
the vertical-component signals at different ranges recorded at stations BA and
KK from sources in two different zones: one to the north near Ekibastuz and a
more diffuse zone to the south (locations around 47.0°N, 76.50E). Although
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the relative amplitudes of the Pg and Lg signals vary somewhat from event-to-
event, the Pg signal amplitudes are generally less than or about equal to those
of the Lg signals on the broad-band records. Furthermore, the signals from
events in specific source zones have remarkable consistency from event-to-
event. A notable exception in this regard can be seen by comparing the top
two events in Figure 36. The 05/22/87 event has an Lg signal much larger
than the P while the 08/24/87 event has an Lg signal much smaller than the P.
Although the events within this source zone were clearly not all located at the
same spot, the locations of the 05/22/87 event and the 08/24/87 event were
essentially the same within the uncertainty of the single-station location
method. Aside from the relative amplitude differences, the signals are quite
similar in appearance for the P, Lg and Rg wave segments. Assuming that
these two events were blasts located in close proximity, it seems reasonable to
conclude that the differences in the relative amplitudes of P and Lg are most
likely indicative of some change in shooting practice. This conclusion would
imply that the effects of such changes in shooting practice on the relative
amplitudes of P and Lg need to be understood before much reliance can be
placed on such comparisons for discrimination.

Short-period, fundamental-mode Rayleigh waves, Rg, were frequently quite
prominent on the Soviet/NRDC records from the presumed mining blasts in the
East Kazakh region. These signals were particularly strong at the nearer dis-
tance ranges. Figure 38 shows three-component records at station KK for
three presumed mining blasts at a range of 25 to 30 km. The Rg phase is
strong on the vertical and E-W components and has a dominant frequency
between 1.0 and 1.5 Hz. A similar fundamental-mode Love wave which is also
controlled by the near-surface, low-velocity waveguide appears as a strong
phase on the N-S component records for these blasts. Figure 39 shows simi-
lar Rg and Love wave phases recorded at station BA for two different
presumed mine blasts, in this case located at ranges of 100 km. As noted
above in Section II, these strong, short-period, fundamental-mode phases are
associated with the seismic excitation of the low-velocity layer at the earth's
surface by shallow-focus events. Unfortunately, we don't know whether any of
the events surrounding the East Kazakh test site, which are in the
Soviet/NRDC database, are earthquakes. Some of the events certainly pro-
duce somewhat weaker Rg signals, but this could also be caused by
differences in shooting practice or attenuation which could be strong if the
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Event 0516870709

Event 0515870913

N
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Figure 39. Three-component records at station BA for two
presumed mine blasts located near Ekibastuz
(R 1 100 km).
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waveguide is not continuous. So the lack of Rg cannot be regarded as an
unambiguous indication of source depth which could be used to distinguish
earthquakes from blasts.

On the other hand, the simple Rg waveforms observed for some of the
presumed blasts recorded by the Soviet/NRDC network could be quite valuable
for investigating regional crustal structure. To demonstrate this capability we
analyzed the observed Rg signals recorded at station KK from the mine blasts
located just east of the station at a range of 25 to 30 km. As shown above in
Figure 38, these blasts produced strong, uncomplicated Rg signals at these
relatively short ranges. It is well known from previous studies (cf. McEvilly,
1964; Herrmann, 1969; Kafka and Reiter, 1987) that the dispersed Rg
wavetrain produced by such blasts is strongly dependent on the velocity struc-
ture in the upper few kilometers along the propagation path. Murphy (1981)
and Murphy and Shah (1988) represented the near-surface explosion source
as an axisymmetric vertical pressure acting on the surface of a multilayered
half-space. They found for this source that the ground motion displacement
was dominated by low-frequency, surface-wave components and that the
Rayleigh-wave ground motion could be reasonably approximated as an Airy
phase provided the source corner frequency, fc, is less than the dominant fre-
quency, fo , associated with the site response. While we recognize that the
individual shots in mine blasting are likely to have relatively high, source corner
frequencies, it is believed that shot delays as well as non-linear interaction at
the mine blast source will tend to lengthen the source duration and decrease
fc. Furthermore, although the actual mechanism of the mine blast is no doubt
more complex than the model, the simplicity of the observed waveforms sug-
gested that some insight could be gained from the relatively simple source
description. Therefore, in analyzing the Rayleigh waves recorded at station KK
from the mine blasts, we followed the approach of Murphy and Shah (1988)
and assumed that fc is less than fo. Under this assumption Murphy and Shah
found that the displacement spectral amplitude was sharply peaked primarily
due to the Rayleigh wave site response term and that it could be represented
as the product of a site response term, a propagation term and the source
function all evaluated at fo with

fo =

2.3H
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where 5 is the average shear-wave velocity above the first significant discon-
tinuity in velocity at depth H. Then, for the vertical component Rayleigh wave,
the peak amplitude of the ground motion was found to decrease as shear velo-
cities in the structure increase, and the duration of the motion increased as the
ratio of the shear velocity below to above the interface increased.

Figure 40 shows the vertical-component, displacement time history,
corrected for instrument response, for a blast recorded on 05/23/87 at station
KK. The signal is dominated by a somewhat weakly dispersed Rayleigh wave
with a dominant frequency near 1.3 Hz. By comparison of the observed signal
duration in Figure 40 with the results reported by Murphy and Shah for the
dependence of the duration on the shear-velocity ratio, it appears that a velo-
city ratio with 032 / 31 = 2 matches closely the observed behavior. We therefore
take Pc / I5 = 2 where P3c is the shear velocity in the deeper crustal rock (i.e.,
half-space). Now, according to Leith (1987) the compressional velocity of cru-
stal rock in the region is about 5.4 km/sec. Assuming a Poisson's ratio a of
0.25, 3

c = 5.4/-3 = 3.12 km/sec. Thus, 0 = 1.56 km/sec, and using the relation
fo = 0/2.3H = 1.3 Hz, we estimate H to be about 0.5 km. Murphy and Shah
(1988) proceeded to show that the Rayleigh-wave vertical displacement time
history for the model could be approximately represented by

3

W(r,tc) 5Ap e - cos 0 T

r6

where r is time relative to the surface wave peak which has an amplitude Ap,
woo = 2 n fo, and a is a parameter representing the decay in the wavetrain
envelope with time. For the blast in Figure 40, we estimated a to be 0.89;
then, the waveforms at the bottom of Figure 40 show the comparison between
the Airy phase approximation to the blast Rayleigh wave and the observed sig-
nal. Obviously, the match is good near the peak and in adjacent cycles but not
as good later as the signal becomes more dispersed. We conclude from this
preliminary analysis that the dominant part of the vertical Rayleigh wave signal
is adequately represented by the simple blast source for a layer over a half-
space model. In the model the layer thickness is about 0.5 km, and the
shear-wave velocity is 1.56 km/sec in the layer and 3.12 km/sec in the half-
space. It seems clear that in a more exact treatment, we could probably do a
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better job of matching some of the observed signal characteristics (e.g., disper-
sion). Nevertheless, tne fact that the simple model agrees with the observa-
tions fairly well suggests that at least some signal characteristics may not be
strongly influenced by the details of the blast mechanism. This could be
demonstrated by analyzing observations from additional mine blasts with
different shooting practices. Analyses of the dispersion characteristics of the
short-period Rayleigh waves for the mine blasts in the other areas around East
Kazakh might provide additional insight into variations in the near-surface geol-
ogy across the region.

A final observation relating to discrimination of mine blasts using the
Soviet/NRDC network data is the presence in the signals of characteristic ind;-
cations of source multiplicity. It is well known that commercial explosions fre-
quently consist of a series of delayed shots designed to reduce damaging
vibrations and increase rock fracturing. Frantti (1963) and Willis (1963) pro-
vided some early insights into the potential influences of shot de!ays on
seismic signals, but their studits focused on observations made fairly close to
the source. Until recently little effort has been made to identify such effects in
more distant seismic signals. This is partly because shot delays are rather
shori; and, therefore, the effects should be strongest at high frequencies, but

seismic instrumentation has generally not been adequate in the past to investi-
gate such effects. Simple theory indicates that the :.pectra of seismic signals
from multiple shots will include a series of holes and another series of lobes at
frequencies related to the delay times between shots. Dick et al. (1983) indi-
cate that in surface blasting shot delays are normally between 25 and 100
msec, and similar practice is thought to extend worldwide. In order to resolve
the spectral effects of these kinds of shot delays, it would be necessary to
have fairly broad-band recording instruments with signal spectra extending
from low frequencies to several tens of Hertz. In Section II above we noted
that the frequency band of signals recorded at RSCP from mine blasts in the
eastern U. S. was probably inadequate to identify such spectral scalloping.
However, recent studies by Baumgardt and Ziegler (1988) and Smith (1988b)
using broad-band seismic systems have found evidence of delayed shooting in
some mine blast recordings at regional distances in Norway and northern North
America.
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Since the Soviet/NRDC network had a fairly high digitizing rate and the
signal-to-noise level extended to high frequencies for many of the larger
events, it is reasonable to expect that the regional signals from the mine blasts
would show some evidence of the expected spectral scalloping. Figure 41
shows uncorrected spectra obtained at stations BA (R = 100 km) and KK (R =
270 km) for the Lg signal windows from one of the larger presumed mine blasts
in the northern source zone near Ekibastuz (51.6 0N, 75.0°E). We show the
spectra out to 100 Hz although it appears that the spectrum at the more distant
station has fallen to the noise floor at a lower frequency. At the nearer station
BA, the Lg spectrum is seen to consist of a sequence of peaks and troughs
which we interpret to correspond to the expected scalloping. The spectral
lobes are rather broad, but the holes seem to be relatively sharp. The most
obvious hole occurs at 11.5 Hz and we observe a sequence of successive
holes positioned at odd multiples of the initial hole with intervening lobes as
would be predicted by simple theory. Since the spectral scalloping is
presumed to be related to the shot delays in the source, the theory would
predict that the same scalloping should be observed at the other station.
Although the holes are less definitive, we certainly see evidence of their pres-
ence at some of the expected frequencies. Again following the simple theory,
the shot delay required to produce a hole at 11.5 Hz, and at the successive
odd multiples, is just equal to the reciprocal of twice that frequency, or about
43 msec. Unfortunately, as noted earlier, we lack specific information on the
shooting practice in these presumed blasts. The shot-delay explanation for the
observed spectral behavior seems reasonable, but alternate causes may also
be possible. Furthermore, it's clear from the spectrum at the more distant sta-
tion in Figure 41 that the spectral scalloping in the regional signals may not be
easy to discern at larger ranges except for much larger events. It is also clear
in principle that variations in shot delays could complicate the spectrum to an
extent that the regularity in the pattern expected from delayed shooting might
go unnoticed. Therefore, detection of delay shooting characteristics in regional
phase spectra from mine blasts may be useful for identifying some events but
may not provide the panacea which will be required to eliminate the large
number of commercial blasts at lower threshold levels.
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IV. NTS UNDERGROUND NUCLEAR EXPLOSIONS AND
COMPARABLE EARTHQUAKES

4.1 Empirical Derivation of Techniques for Regional
Discrimination of Nuclear Explosions

It is well known that the excitation and propagation of regional seismic sig-
nals is strongly dependent on the crustal properties of the source and receiver
region. Therefore, a true test of regional discrimination capability in the Soviet
Union should involve determination of the seismic signal differences between
Soviet underground nuclear tests and nearby earthquakes of compar able mag-
nitude. Several factors have precluded satisfactory empirical testing of this
kind; these include, in particular, the general lack of natural seismicity in the
Soviet platform region where most nuclear explosion tests have been conducted
and the unavailability (prior to CDSN and the new IRIS sites) of data from
seismic stations at regional distances from Soviet tests. This lack of a suitable
database for testing regional discrimination in the Soviet Union has forced many
previous investigators to take a more hybrid approach. This approach utilizes
empirical results from regional seismic measurements for U.S. nuclear tests and
comparable earthquakes and infers how source or propagation differences
might influence the measurements in areas of intended application (viz the
Soviet Union). An important feature in this methodology is the utilization of a
controlled set of sources enabling analysis of the sensitivity of the measure-
ments to a variety of source conditions.

Blandford (1981) found that, after careful correction for attenuation
differences, the amplitude ratio of the regional signals before and after the
predicted S times separated U.S. underground nuclear explosions from earth-
quakes with locations throughout the eastern and western U.S. However, Mur-
phy and Bennett (1982) and Bennett and Murphy (1986) found considerable
intermingling of small NTS explosions and nearby earthquakes when the rela-
tive amplitudes of Pn, Pg and Lg signals were compared using measurements at
equivalent ranges from regional VELA array stations; but those studies also pro-
duced evidence of spectral differences in the regional phases from the explo-
sions and earthquakes. Recent studies by Taylor -t al. (1986,1988) and Glaser
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et al. (1986) have investigated a wide variety of regional discriminant measures
and found that some discriminants were more effective than others in separat-
ing the source types when applied to NTS explosions and earthquakes spread
throughout the western U.S. Taylor et al. (1988) and Patton (1988) demon-
strated sensitivity in the Lg signals from explosion sources to certain source
parameters including depth of burial, material properties and spall. Because of
the significance of using a controlled source sample to establish empirical
regional discrimination techniques, a part of our efforts in this research has
focused on analysis of a data sample from NTS underground nuclear explo-
sions and western U.S. earthquakes. Our data sources in this phase of the
research were primarily selected events from the Lawrence Livermore National
Laboratory (LLNL) seismic network and several additional events recorded at
greater regional distances at the RSTN station RSSD. These stations provided
high-quality digital data with relatively high sampling rates.

4.2 Analysis of LLNL Data

In previous reports (cf. Bennett et al., 1987a,b), we described the results of
analyses of the amplitude and spectral characteristics of the regional phases
recorded by the LLNL network stations from a small sample of four under-
ground nuclear explosions and four nearby earthquakes. Those data have sub-
sequently been supplemented with records from six additional NTS explosions
and four additional earthquakes with epicenters less than 100 km from NTS.
The earthquake sample was selected from the larger ILNL database so as to
minimize propagation differences by choosing those earthquakes with epi-
centers closest to NTS. The explosion sample was selected to provide events
from a single source area (Yucca Flat) with depths both above and below the
water table and with at least some explosions having equivalent magnitudes to
the earthquakes which were being compared. The data themselves were gen-
erously supplied by Dr. Steven Taylor with the assistance of others at LLNL.
Figure 42 shows the event locations relative to the LLNL network stations, and
Table 7 summarizes the event source information. The explosions were all at
Yucca Flat at ranges of about 225 km from MNV (Mina, Nevada), 290 km from
KNB (Kanab, Utah), 310 km from LAC (Landers, California), and 400 km from
ELK (Elko, Nevada). The magnitudes of the explosions in the sample were
between 4.2 and 5.5 ML; and the source depths were from 0.3 to 0.7 km.
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Table 7

LLNL Data Sample

NTS EXPLOSIONS

Date Time Lat.(°N) Lon.(°W) Depth(km) M L(BRK) mb

03-31-84 14:30:00.0 37.15 116.08 0.32 4.2 4.1 AGRINI

08-11-83 14:00:00.1 37.00 116.00 0.32 4.2 4.4 SABADO

08-03-83 13:33:00.1 37.12 116.09 0.33 4.3 4.2 LABAN

01-31-84 15:30:00.0 37.11 116.12 0.39 4.4 4.1 GORBEA

09-27-78 17:00:00.0 37.08 116.05 0.44 5.0 5.0 DRAUGHTS

09-13-84 14:00:00.0 37.09 116.07 0.48 5.0 5.0 BRETON

04-14-83 19:05:00.1 37.07 116.05 0.53 5.5 5.7 TURQUOISE

04-27-77 15:00:00.1 37.09 116.03 0.59 5.1 5.4 BULKHEAD

03-23-78 16:30:00.2 37.10 116.05 0.64 5.5 5.6 ICEBERG

04-05-77 15:00:00.2 37.12 116.06 0.69 5.5 5.6 MARSILLY

EARTHQUAKES NEAR NTS

Date Time Lat.(°N) Lon.(°W) Depth(km) M, mb(Lg)

08-12-79 11:31:19.7 37.26 115.08 3 3.6 -

08-16-79 03:37:44.9 37.25 115.06 3 3.7 -

07-06-82 02:10:43.5 37.69 115.05 3 4.2 -

06-04-83 11:37:40.9 37.39 115.21 4 3.6 2.9

05-12-82 19:29:24.5 37.27 115.08 7 4.0 3.3

10-25-80 00:30:59.0 37.79 116.28 8 3.8 -

12-25-79 14:17:10.8 37.27 117.06 8 4.2 -

u3-16-82 07:08:13.1 36.60 117.07 9 3.5 -
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Earthquake locations surrounded the Test Site with ranges between 160 and
300 km from MNV, between 200 and 395 km from KNB, between 250 and 385
km from LAC, and between 340 and 485 km from ELK. The earthquake magni-
tudes were between 3.5 and 4.2 ML, and the depths were between about 3 and
9 km.

In previous reports Bennett et al. (1987a,b) presented representative verti-
cal component time histories for the smaller explosions in the database and
several nearby earthquakes. Figure 43 shows representative time histories for
several of the events from the LLNL database. The general characteristics of
the regional phases from these events were described in the previous reports.
The Pn, Pg, and ILg phases in most cases appear as clear signals except at
those ranges less than the Pn-Pg crossover distance where Pn is buried in the
Pg. The explosions are more repetitive in signal character from event-to-event
at a fixed station than are the earthquakes; this in large measure reflects
changes in propagation path and epicentral distance for the earthquakes but
may also represent to some extent mechanism-dependent effects. Bennett et
al. (1987a,b) showed that such differences could considerably modify the rela-
tive amplitudes of the Pn, Pg and Lg signals as is observed for the earthquakes.
However, some differences have also been noted in the different explosions
measured at common stations (cf. Bennett et al., 1987a,b) suggesting the pos-
sibility that small changes in the explosion source parameters might significantly
affect the relative amplitude of Pg and Lg and the frequency content of the sig-
nals.

In analyzing the more recent LLNL data sample, our studies have focused
on the spectral behavior of the regional phases. Time windows encompassing
the principal energy in the Pg and Lg signals were picked from the records.
These were fairly consistent for events with similar source locations; but, in any
case, small shifts in the window times produced only minor changes in the com-
puted spectra. Window lengths were taken to be approximately 12.5 seconds
for Pg and approximately 25 seconds for Lg. The spectra were also computed
.or noise windows approximately 6.3 seconds in length preceding the P wave.
The window lengths were somowhat variable between events because the sam-
pling rate of the LLNL network recording system was not always consistent.
For most events the digitizing rate was 40 samples per second, but some
events were rcorded at a rate of 42 samples per cccond and severa; at a rate
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of 62.5 samples per second. Such differences are not expected to have a
significant effect on the spectral amplitudes in the frequency band of interest
because the spectra have been normalized by the window lengths and smooth-
ing was applied to provide roughly comparable frequency resolution

In a previous report Bennett _ al. (1987b) showed that the signal-to-noise
levels of Lg and Pg signals for most events in the LLNL database was good out
to frequencies of 10 Hz or so. In some cases the Lg and Pg spectra have been
found to flatten-out at levels well above the r-e-P ground noise .! frequencies
less than 10 Hz apparently because of limitations on the dynamic range of the
recording equipment. It was further noted that the Lg and Pg spectra for explo-
sions tended to fall-off more rapidly at higher frequencies than the signals of
earthquakes with comparable magnitudes. To check the latter observation with
the enhanced LLNL database, the Lg and Pg spectra for all events were normal-
ized to common amplitude levels at 1 Hz. Then the explosion and earthquake
spectral shapes were averaged separately over the events from each source
type out to those frequencies where spectral flattening associated with the
dynamic range problem became apparent. Figure 44 shows the average earth-
quake and explosion spectral shapes for the Lg signals recorded at each sta-
tion. In all cases we see that the average earthquake and explosion spectra
match fairly closely out to about 2 Hz but the explosion spectrum falls-off at
higher frequencies much more rapidly than the average earthquake spectrum.
Figure 45 shows the mean plus and minus one standard deviation Lg spectral
shapes. At all stations the Lg spectral shapes for earthquakes and explosions
are observed to be totally separated at the one-sigma level above about 4 Hz.
This observation is similar to the behavior of the Lg spectra previously found by
Murphy and Bennett (1982) and Bennett and Murphy (1986) from analyses of
the signals recorded at the VELA array stations. In those studies the spectral
differences between the explosions and earthquakes could only be observed
out to about 4 Hz because of recording instrument limitations. The results here
suggest that even greater separation in the Lg spectra between the NTS explo-
sions and nearby earthquakes is achieved at higher frequencies (viz out to at
least 10 Hz). Thus, the Lg spectral ratio discriminant might be enhanced by
observations at higher frequencies. Figure 46 shows similar average spectral
shapes for the Pg phases recorded by the LLNL network stations. Like the I.
behavior, the explosion and earthquake spectral shapes are observed to match
fairly closely at frequencies below about 2 Hz but then separate at higher

91



0U

00 0
0 

0 
-.4,

Q)4-

U) 4-)

0 0

- r 1

4'04

CN (d

m 0

.44 0 .

41 -Q
-4 r-

-4 Q) -io:
.44

.4)

.4~ C

4.~~ a),~

0~~r 0 N - Na
'0 tO 10 ' ~ 0 ~ cQ.

0 0 

/pi~d~ -.4aS pITdI vlod

CdXd

I, -I92



. 0 0

10 4

OD I CO 4

f 14/

z - .4 0N

JI (12

U) -4 >
J~+ W4i-G

5.+4

NN 'n w

14 - +

14' 4

0,0
- ~.01

4)4)

r ~ 0
p. 1..

or 00 0
-4 44

044 04

0 0 0 a ..

.4'4
.4 .4 .:

# Z31

U214-

93Iu



0)

0

10 OF

z 01

'Do I ID 0

olI

I 0.40

- >>

00 0 * o . -

o~~~~4 CONM0 4 N C
o~~~~~ (1) I I I ~ a 0~

'4~ ~~~ 0 4 I

- 0

-d 0 0

'Im

94.



frequencies with the earthquake spectra appearing relatively richer in high fre-
quencies. The behavior is again in general agreement with the Pg spectra pre-
viously measured at the VELA array stations (cf. Murphy and Bennett, 1982;
Bennett and Murphy, 1986).

One interesting characteristic of the regional signals which isn't obvious
from the comparison of the Lg and Pg spectra in Figure 44 and 46, is that the
relative enrichment of the high frequencies in the earthquake versus the explo-
sion signals is more prominent for the Lg than for the regional P waves. This
can best be seen from bandpass filter analyses of the time histories. Figure 47
shows the results of such an analysis applied to the regional signals from a
small explosion (AGRINI) and an earthquake (06/04/83) recorded at the LLNL
network station KNB. It can be seen that for the unfiltered trace and for the
low-frequency band (0.2-4.0 Hz) the relative amplitudes of the Lg and Pg signals
are about the same for the explosion and the earthquake. Bennett et al.
(1987b) showed that Lg-tO-Pg amplitude ratios measured from the unfiltered
traces for these explosions and earthquakes were intermingled and had sub-
stantial scatter particularly for the earthquakes. However, in the higher fre-
quency bands the Lg signal for the explosion drops off dramatically relative to
the P waves. On the other hand, the Lg signal for the earthquake in higher fre-
quency bands remains strong relative to the Pg phase. As a result, the Lg-tO-Pg
amplitude ratio at high frequencies is much larger for the earthquake than for
the explosion. Figure 48 shows similar results for an additional explosion (BRE-
TON) and earthquake (08/16/79) also recorded at station KNB. The main
difference here appears to be that the Pn phase in explosion BRETON is
stronger and the Lg phase in the 08/16/79 earthquake is stronger. Just as in
Figure 47, the Lg-to-P amplitude ratio in the higher frequency band is much
larger for the earthquake than for the explosion. Unfortunately, we have not yet
systematically tested the consistency of this observation on a larger event sam-
ple; although some additional test cases at other stations for a few frequency
bands have produced similar results (cf. Bennett 9t al., 1987b). A careful com-
parison of the spectra in Figures 44 and 46 indicates that at high frequencies
the Lg-tO-Pg amplitude ratios on the average is larger for earthquakes than
explosions measured at two of the stations, KNB and MNV; but this distinction
is less obvious at the other two stations. The latter suggests that this observa-
tion could be associated with a radiation pattern effect which may be weak at
some azimuths.
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As pointed out above, one goal in selecting the explosion database, which
is a subset of the larger LLNL database, was to include a range of source
depths. In particular, we sought a sample with source depths above and below
the water table at Yucca Flat, so it could be determined whether this relatively
strong contrast in material properties might be affecting the spectral behavior of
the regional phase signals from NTS explosions. In a previous report Bennett
et al, (1 987b) found that explosions below the static water table tended to pro-
duce only slightly larger Lg-to-Pg amplitude ratios measured at station ANMO (R
z 900 km) than those above the water table. It was also found that the Pg and
Lg spectra at ANMO for a small sample (three above and three below the water
table) of Yucca Flat explosions appeared to show little effect of the water table
to frequencies of 5 Hz. Taylor et al. (1988) found that more deeply buried NTS
explosions tended to produce regional phases at LLNL stations which were
relatively richer in high frequencies and suggested several mechanisms which
might explain this observation. Patton (1988) also saw evidence of Lg coupling
variations within Yucca Flat and, in particular, found that events above the
water table showed more scatter in Lg magnitudes which he attributed to poros-
ity effects. Of the ten Yucca Flat explosions in our LLNL database (cf. Table 7,
above) only three had source depths below the static water table (viz the three
deepest events). The corresponding average spectral shapes for the Lg and Pg
signals are shown in Figures 49 and 50, respectively. In both cases there
appears to be a slight tendency for explosions below the water table to be
richer in high frequencies. This is opposite of the effect that would be expected
from the decreased corner frequency associated with the larger magnitudes of
these deeper events. The observation is in general agreement with the findings
of Taylor et al. cited above, but they also suggested that deeply overburied
explosions might confound a spectral discriminant of the type described.

Although the effect of burial below the water table seems to be a slight
enhancement of the higher frequencies in the regional phase spectra, it isn't
clear from the evidence presented here whether this would be adequate to
diminish the effectiveness of the regional phase spectral differences between
earthquakes and explosions as a discriminant. To obtain additional insight into
the problem, we focused on the Pg and Lg spectra for only explosions below the
water table for our LLNL sample (i.e., three events). Figures 51 and 52 com-
pare the average Pg and Lg spectral shapes for these deeper explosions with
the average earthquake spectral shapes at the four LLNL stations. The
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comparisons show that there is still substantial separation at higher frequencies
between the earthquake and explosion spectra. One would intuitively expect
from source theory that smaller magnitude explosions, at depths comparable to
these three deeper explosions, would further reduce the spectral separation
between explosions and earthquakes because of the corner frequency shift.
However, there is no way of telling from our limited empirical database how
significant these other effects of overburial will be in altering the Lg and Pg
spectra from small explosions. In this regard it is interesting to note that the
two overburied explosions described by Taylor et al. (1988) produced Lg spec-
tral ratios only marginally lower than several other normally contained explo-
sions of comparable magnitude. So, it is not clear to what extent the overburial
or other unknown factors might be influencing the observed spectral ratios. The
resolution of these questions will ultimately require improved theoretical under-
standing of Lg generation by explosion sources and additional observational
results to confirm the theory. The LLNL network measurements should con-
tinue to provide an excellent data source for such investigations.

4.3 NTS Explosions and Earthquakes at RSSD

In Section III above we described the characteristics of regional phase sig-
nals from Soviet underground nuclear explosions in East Kazakh and compar-
able earthquakes. It was noted there that available stations for regional moni-
toring of those events were located at distances considerably larger than those
LLNL network stations used in the preceding analysis of discrimination of NTS
explosions. To get some idea of regional discrimination capabilities for NTS
events using high quality stations at regional distance ranges more comparable
to the Soviet experience, we have briefly reviewed the characteristics of
regional phases recorded at the RSTN station RSSD from NTS underground
nuclear explosions and earthquakes at comparable magnitudes, ranges and
azimuths in the western U.S. The RSSD station is located in South Dakota
about 1300 km northeast of the explosion source area at NTS. It is noted at
the outset that attenuation of regional phases in the crust of the western U.S. is
known to be relatively large; so that, even though the distances are comparable
to the observations from Soviet events, some adjustments to the regional sig-
nals may still be appropriate before results from the two areas can be com-
pared.
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Figures 53 and 54 show the vertical-component, short-period records
observed at RSSD for a sample of NTS explosions and several earthquakes.
Figure 53 shows five Yucca Flat explosions with magnitudes between 4.8 and
5.9 mb , and Figure 54 shows two Pahute Mesa explosions with magnitudes of
5.5 and 5.7 mb and three California earthquakes with magnitudes from 5.6 to
6.1. The ra iges of the earthquakes from RSSD were from 1430 km to 1670
km compared to explosion ranges between 1280 km and 1290 km. The ranges
and paths are somewhat different; but, for the available database from RSSD,
these events appear to provide the best comparisons. At these ranges the
regional signals at RSSD appear to be dominated by early P phases and Lg.
The early P phases are believed to be associated with upper mantle and
deeper crustal propagation paths including Pn and P*; the Pg phase following
after these early P phases is less distinct at this range appearing as a coda
segment of increased amplitude but smaller than the earlier P phases. The P
signals from the NTS explosions are remarkably similar in character to those
seen above in Figure 21 from Shagan River explosions recorded at station
WMQ. In particular, the P signals in both cases include two or three distinct
phases with apparent group velocities between about 7.6 and 6.3 km/sec. If
the observation of these phases prevails at other far-regional Soviet stations
(e.g., the new IRIS stations), detailed comparisons of the signal characteristics
between the NTS shots and Soviet explosions may provide important source
information. The Lg signals at RSSD appear on the short-period vertical
records as strong signals roughly equivalent in amplitude to the P phases. The
Lg-to-P amplitude ratio is generally near 1.0 or slightly less than 1.0 for the
explosions and near 1.0 or slightly greater than 1.0 for the earthquakes.

To get additional insight into the characteristics of these regional signals at
RSSD, Fourier spectra were computed for the Pn (viz initial P), P*, Pg and Lg
window segments for the explosion CAPROCK (mb = 5.8, R = 1280 km) and
the Round Valley earthquake near Mammoth Lakes, California (mb = 5.6, R =
1435 km). These are shown in Figure 55; no instrument correction has been
app;',ed. The uncorrected spectra are all rather sharply peaked in the frequency
band from 0.5 to 2 Hz and fall off rapidly to noise at higher frequencies. The
spectra appear to reach a noise floor near 5 to 7 Hz for the various P phases
and near 4 Hz for Lg. The overall spectral shapes of the individual phases are
not greatly different for the explosion and earthquake, even though there appear
to be some differences in spectral details. The most notable difference is that
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the explosion spectra seem to be constrained to a somewhat narrower fre-
quency band than the earthquake spectra resulting in sharper spectral peaks.
This is particularly apparent in the Lg signals for the two events. As noted
above, the explosion and earthquake have somewhat different magnitudes and
ranges which could affect the spectral shapes; but we would expect these two
factors to compensate each other to at least some extent for these events. If
the observed difference in spectra is real, it is consistent with our findings at
smaller ranges that earthquake spectra are relatively richer in high frequencies
than explosion spectra.

In Section III above we found from bandpass filter analysis that the Lg-to-P
ratio measured at WMQ for Shagan River explosions was much smaller at high
frequencies (greater than about 3 Hz) than similar ratios for the comparable

earthquakes in the database. To test the applicability of such a discriminant on
the NTS explosions and California earthquakes recorded at RSSD, a similar
bandpass filter analysis was performed on several of the events. The results of
the analyses for four representative events (two explosions and two earth-
quakes) are shown in Figures 56 and 57. In general, the results show that the
signal-to-noise levels for events of this magnitude are greater than 1.0 for the P
and Lg phases up to about the filter passband of 3 to 6 Hz, and in some cases
to even higher frequencies for the P phases.

For the explosion (KINIBITO) and earthquake (Round Valley, California) in
Figure 56, it can be seen that the Lg-to-P ratio at low frequencies (0 to 1.0 Hz)

is somewhat less than 1.0 for the explosion and greater than 1.0 for the earth-
quake. The L-to-P ratio appears to decrease toward higher frequencies for
both events, but the decrease is less rapid for the earthquake. As a result, the
greatest distinction in the .g-to-P ratio between the explosion and the earth-

quake seems to occur for the 1 to 3 Hz passband. It may also be noteworthy
that the initial P is the predominant phase in the filter passbands between 0.5
and 4.0 Hz but not at low frequencies for the explosion in Figure 56. In con-
trast, the most prominent P phase for the earthquake record is not the initial P
but somewhat later crustal phases for all passbands.

The events in Figure 57 (i.e., explosion SALUT and the Morgan Hill, Cali-

fornia earthquake) show somewhat different behavior. The most prominent P
phase for both the explosion and earthquake, in this case, are not the initial P

108



U)

rH 0
04-4

-4-

4>

0
>1 Q

H 0
H -P z

Qr
0

o Q4J

~44
W

tz N N N N N N N4Jr

4 N Q)
Co 0 0 0 0 0 >

.4-) * * (
-4 0 cj r4 - 114-

t4-4 Lf 01 o 0 0l 0l 0 0 0 ty

(no0

HI

-40U
00

H r. 54-4

Ln

Q)

L4

109



u ro 0H

(1) 4-) 4-4

_S4 U 4) ..o

4J

0

u

0 Ua)
*H 4
4-).--

-4 01 00 .

~~40 r 0 0 0

>1

4j

4-4

-ZU) Q-

a)
-4

110



but later crustal phases. Furthermore, the biggest distinction in the Lg-to-P ratio
seems to be at lower-frequency filter passbands (viz 0 to 1.0 Hz) where the
ratio is near 2.0 for the earthquake and only about 0.7 for the explosion. Th'e
Lg signals in the earthquake appear to be severely attenuated above abuut 2
Hz. It is not clear whether the latter is a propagation or source effect. Complex
mechanisms have been attributed to both the Morgan Hill and Round Valley
earthquakes (cf. Abrahamson and Darragh, 1985; Corbett, 1985) and the path
for the Morgan Hill earthquake includes a segment crossing the Great Valley
and Sierra Nevada Batholith which is not present for any of the other events in
Figures 56 and 57. A similar analysis of the Coalinga, California earthquake
record at RSSD, which also included a Great Valley/Sierra Nevada path seg-
ment, was again depleted in Lg energy at frequencies above 2 Hz.

Thus, while the RSSD observations of larger NTS explosions and compar-
able California earthquakes offer hope that discrimination capability may persist
to some degree at larger regional distanc, s even for some events in the
western U.S., they also raise again the caveat that care must be exercised in
accounting for propagation and source variations. In areas such as the Soviet
Union where the empirical database to test regional discrimination is deficient,
the case for regional discrimination will clearly depend on improved knowledge
of propagation effects on regional plases at higher frequencies and some
understanding of potential earthquake source mechanisms in areas of interest.
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V. CONCLUSIONS AND RECOMMENDATIONS

The objective of this research program has been to investigate the charac-
teristics of regional seismic signals recorded by high-quality, high-frequency sta-
tions and to determine how those characteristics might be utilized to distinguish
various source types including underground nuclear explosions, earthquakes,
and commercial blasts. To accomplish this objective we collected and analyzed
the available high-quality digital data from three different tectonic environments:
(1) eastern North America, (2) southern Soviet Union, and (3) western U.S.
These data included regional signals from each of the source types of interest.
The database was drawn from a variety of sources including the RSTN and
ECTN for eastern North America, the CDSN and Soviet/NRDC network for the
southern Soviet Union, and the LLNL network and RSTN for the western U.S.
We found that data from each of these sources provide unique contributions to
different aspects of the regional discrimination problem.

For each tectonic environment we performed amplitude and spectral com-
parisons of the regional signals to delineate differences related to source type.
Those comparisons have revealed several differences in the regional phase sig-
nals which appear to be source related and which should receive further con-
sideration as potential discrimination measures. In particular, spectral com-
parisons of the relative excitation of various regional phases continues to show
differences which appear to be diagnostic of different source types. Extension
of regional signal monitoring to broader bands and higher frequencies appears
to offer an opportunity to enhance this capability. It seems likely that many
regional events could eventually be categorized by such comparisons. On the
other hand, in some cases our analyses have also indicated the sensitivity of
the regional signal behavior to propagation path characteristics in addition to
source differences. The latter observation emphasizes the need for care in
discrimination studies to isolate source differences by properly accounting for
propagation effects. This would be particularly important in applying experience
from one tectonic environment to another. This capability too should be
enhanced as we gain experience from new regional monitoring efforts in the
areas of interest. Our studies have also identified potential limitations on tech-
niques for distinguishing small, non-nuclear blasts which could be a particular
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problem at lower monitoring thresholds. The results suggest that the regional

signals from such events may be sensitive to shooting practice and that
bandpass limitations on the signals could reduce the effectiveness of some
techniques (viz cepstral analysis) used to distinguish commercial blasts.

For eastern North America we found that small regional events, including

earthquakes and presumed mine blasts, generally produced strong regional P
and Lg phases. At station RSCP the mine blast signals were different from the
earthquake signals with respect to short-period Rayleigh wave (Rg) excitation,
relative frequency content of Lg and P phases, and the Lg/P amplitude ratio.

However, there was considerable variation in the observed characteristics

between events. Cepstral analysis of P waves recorded by the ECTN stations
revealed similar spectral modulation for both earthquakes and blasts. The most

significant observed quefrencies would correspond to delays considerably
longer than those used between individual shots in normal blasting practice.
Alternate explanations for the spectral modulation have been identified which do
not involve source multiplicity.

For the southern Soviet Union we have seen that the CDSN station WMQ
records strong regional signals, including Lg and several P phases, from East
Kazakh explosions and regional earthquakes. Comparisons of these signals
indicated that the earthquakes produced larger Lg/P amplitude ratios than the

explosions and that the differences could be enhanced by bandpass filtering at
higher frequencies. However, the comparisons involved different propagation

paths for the earthquakes and explosions so that attenuation differences were
not completely accounted for in the analysis. The Soviet/NRDC network results
revealed a large number of small seismic events in the naturally aseismic area

around East Kazakh. These events frequently produced strong Rg phases and

are thought to have been mainly mine blasts. The level of this man-made
activity could be regarded as indicative of the many events which would need to
be considered for a low-threshold monitoring effort in the region.

For the western U.S. the results of processing additional events recorded

by the LLNL network were corroborative of our previous findings of spectral
differences in the Lg and Pg signals for NTS nuclear explosions and nearby

earthquakes of comparable magnitude. We saw some influence of the water

table depth on the frequency content of the Lg and Pg signals from Yucca Flat
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explosions, but these effects were small compared to the differences associated
with source type. At larger regional distances from NTS, we observed strong Lg
from several larger explosions and California earthquakes of similar magnitude
recorded at RSTN station RSSD. Preliminary indications of differences in the
Lg spectra and in the L./P amplitude ratio between the explosions and earth-
quakes recorded at RSSD cannot be considered definitive until additional
knowledge is obtained on the influence of propagation path differences and
more events have been analyzed.

In addition to these general conclusions several additional observations are
noteworthy:

* Presumed mine blasts in the eastern U.S. frequently produce strong Rg
signals with frequencies near 1 Hz which can be enhanced by bandpass
filtering. Rg may not be present in some cases because of variations in
shooting practice or propagation effects.

* The Lg and Pg spectra of regional blasts observed at RSCP fall off more
rapidly toward higher frequencies than comparable signals from regional
earthquakes.

9 Although the Lg/Pmax amplitude ratios for regional earthquakes at RSCP
are on the average larger than similar blast ratios, the data show consider-
able intermingling.

* Cepstral analysis of P waves from a small sample of commercial blasts
and earthquakes in eastern North America recorded by the ECTN stations
indicates several significant quefrency peaks in the 0.2 to 1.0 second range
for both types of events. These delays may correspond to crustal rever-
beration and not shot effects, which should be shorter, or depth phases,
which should be longer.

* Cepstral analysis does not always provide an objective, model-
independent analysis of seismic signals and requires careful consideration
of bandwidth limitation.

* The digital seismic data recorded by the CDSN station at Urumchi
(WMQ) provides an excellent source of high-quality regional signals from
Soviet explosions at East Kazakh and regional earthquakes in that area.
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The station records strong Lg signals and several regional P phases at
ranges of 1000 km or more from events with magnitudes as low as 4.5 mb.

0 Lg/Pmax amplitude ratios measured at WMQ average about 4.4 for earth-
quakes and 3.3 for explosions at low frequency, and the measurements
overlap for the different source types. At high frequencies the Lg/Pma x

ratios are well-separated averaging about 1 for earthquakes and 0.1-0.2 for
explosions.

* The Lg/Pmax ratios measured at WMQ show no obvious dependence on
magnitude but a slight tendency to decrease with epicentral distance. The
latter effect does not significantly reduce the difference between event
types.

* Lg spectra at WMQ corrected for instrument response appear to have
lower corner frequencies for earthquakes than for explosions of compar-
able magnitudes.

* Interpretation of the relative difference in Lg spectral decay above 1 Hz
for explosions and earthquakes at WMQ depends on assumptions regard-
ing the attenuation differences between the paths for the individual events.
These effects are not well known at this time.

* The East Kazakh region of the Soviet Union experiences a large number
of commercial blasts comparable to those in the eastern U.S.

* The presumed mine blasts recorded by the Soviet/NRDC network fre-
quently produce strong Rg which might be useful for investigating variations
in geologic structure within the region.

* The NTS explosions and nearby earthquakes recorded by the LLNL net-
work produce Pg and Lg signals which are relatively richer in high frequen-

cies for the earthquakes than for the explosions. These differences appear
to become progressively greater toward the high frequency limit of the use-
ful frequency band.

• For explosions above and below the water table at Yucca Flat, the Lg
and Pg spectra for the LLNL stations are slightly enhanced at high frequen-
cies for the deeper events.

* RSSD records strong Lg and regional P phases from NTS explosions
and California earthquakes but the useful frequency band is limited to less
than about 5 Hz.
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* The P phases for California earthquakes at RSSD show differences in

their relative excitation and frequency content which may be related to pro-
pagation differences or source complexity.

Finally, these studies have identified several areas where additional
research is needed to improve regional discrimination capabilities:

* The eastern North America data from RSTN and ECTN and the
Soviet/NRDC data include numerous commercial blasts which could pro-
vide a good database for developing systematic procedures to distinguish
these events. Comparison of these signals with those from similar events
at NORESS could also help define general event characteristics.

* More objective criteria for evaluating the significance of cepstral analysis
results are needed to evaluate the reliability of the method for identifying
multiple sources. The ECTN and NORESS should provide useful data-
bases for evaluating such methods.

9 Additional efforts should be devoted to investigating the usefulness of
the Rg phase for identifying commercial blasts and for determining possible
geologic variations within the East Kazakh region.

e The discrimination capability of the L/Pmax ratio as a function of fre-
quency for East Kazakh explosions and regional earthquakes should be
analyzed more systematically to identify the possible influences of path
differences. Additional regional stations and events may be useful in
defining these path effects.

* Additional investigation of the spectral characteristics of regional phases
recorded by the LLNL stations may be useful in defining their dependence
on explosion source conditions. Additional events, particularly smaller
explosions in saturated rock, could be particularly valuable in such studies.
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